Molecular dynamics of polymers by means of NMR field cycling relaxometry by Kariyo, Sobiroh
  
 
 
Molecular Dynamics of Polymers by Means 
of NMR Field Cycling Relaxometry 
 
 
 
Von der Fakultät für Mathematik, Informatik, und Naturwissenschaften der 
Rheinisch-Westfälischen Technischen Hochschule Aachen 
zur Erlangung des akademischen Grades einer Doktorin der Naturwissenschaften  
genehmigte Dissertation 
 
 
 
 
 
vorgelegt von 
 
Master of Science 
Sobiroh Kariyo 
aus Yala, Thailand 
 
 
 
 Berichter: Hochschuldozent PD Dr. Siegfried Stapf 
  Universitätsprofessor Dr. Dr. h.c. Bernhard Blümich 
 
Tag der mündlichen Prüfung: 19. April 2005 
 
Diese Dissertation ist auf den Internetseiten der Hochschulbibliothek online verfügbar 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
Contents 
 
 
 
Page 
List of Tables.............................................................................................................................V 
List of Figures ........................................................................................................................VII 
List of Symbols and Abbreviations ....................................................................................... XI 
 
1 Introduction ........................................................................................................................ 1 
 
2 NMR Relaxometry.............................................................................................................. 5 
2.1 NMR Relaxation Functions ............................................................................................ 5 
2.2 Relaxation Mechanisms.................................................................................................. 7 
2.3 Autocorrelation and Spectral Density Functions............................................................ 9 
2.4 Spin-Lattice Relaxation ................................................................................................ 12 
2.5 Transverse Relaxation .................................................................................................. 14 
 
3 Field Cycling Relaxometry .............................................................................................. 17 
3.1 Introduction .................................................................................................................. 18 
3.2 General Requirements .................................................................................................. 19 
3.2.1 The Adiabatic Condition ..................................................................................... 19 
3.2.2 The Switching Time (τswt) ................................................................................... 20 
3.2.3 The Two Basic Field Sequences ......................................................................... 20 
3.2.4 The Signal-to-Noise (S/N) Ratio......................................................................... 21 
II  Sobiroh Kariyo 
 
3.3 Fast-Field Cycling Relaxometer ...................................................................................22 
3.3.1 The Magnet ..........................................................................................................22 
3.3.2 The Magnet Power Supply ..................................................................................23 
3.3.3 The Cooling System.............................................................................................23 
3.3.4 The Temperature Compensation of the Magnet ..................................................23 
3.3.5 The Temperature Controller for the Sample........................................................24 
3.3.6 The NMR Console ...............................................................................................24 
 
4 Field Cycling Relaxometry for the Study of Polymer Dynamics..................................25 
4.1 Correlation Functions for Dipolar and Quadrupolar Couplings ...................................26 
4.2 Different Time Scales for the Correlation Function .....................................................27 
4.2.1 Component A.......................................................................................................28 
4.2.2 Component B .......................................................................................................29 
4.2.3 Component C .......................................................................................................29 
4.3 The Rouse Dynamics (Mw < Mc)...................................................................................30 
4.4 The Dynamics for Entangled Polymers (Mw > Mc).......................................................31 
 
5 Molecular Dynamics of Polyisoprene Melts: 1H and 2H Relaxation Dispersions........35 
5.1 Introduction ...................................................................................................................35 
5.2 Experimental .................................................................................................................36 
5.2.1 Materials ..............................................................................................................36 
5.2.1 Measurements ......................................................................................................36 
5.3 Results and Discussion..................................................................................................37 
5.3.1 Comparison of T1 Relaxation Dispersions of PI and PB Melts ...........................37 
5.3.2 Temperature Dependence of T1 Relaxation Dispersions .....................................39 
5.3.3 1H and 2H Relaxation Dispersions in Site-Specific Deuterated and 
Protonated PI Melts .............................................................................................42 
5.4 Conclusions ...................................................................................................................47 
 
6 Molecular Dynamics in Elastomers: Influences of Cross-Link Density and Fillers ...49 
6.1 Introduction ...................................................................................................................49 
6.2 Experimental .................................................................................................................50 
6.3 Results and Discussion..................................................................................................51 
6.3.1 Influence of Cross-Link Density..........................................................................51 
6.3.2 Temperature Dependence of Relaxation Dispersion ...........................................53 
Contents  III 
6.3.3 Influence of Filler Particles ................................................................................. 57 
6.4 Conclusions .................................................................................................................. 59 
 
7 Molecular Dynamics of Elastomers under Deformation .............................................. 61 
7.1 Introduction .................................................................................................................. 61 
7.2 Experimental................................................................................................................. 62 
7.3 Results and Discussion ................................................................................................. 63 
7.4 Conclusions .................................................................................................................. 69 
 
8 Solvent Induced Molecular Mobility in Polyisoprene Melts and Networks................ 71 
8.1 Introduction .................................................................................................................. 71 
8.2 Experimental................................................................................................................. 73 
8.2.1 Sample Preparation ............................................................................................. 73 
8.2.2 Measurements...................................................................................................... 74 
8.3 Results and Discussion ................................................................................................. 75 
8.3.1 T1 Relaxation Dispersion..................................................................................... 75 
8.3.2 Transverse Relaxation ......................................................................................... 78 
8.3.3 Molecular Order Determined by Double Quantum Spectroscopy ...................... 80 
8.3.4 Comparison of Results ........................................................................................ 82 
8.4 Conclusions .................................................................................................................. 83 
 
9 Influence of Copolymerization on the Molecular Mobility of Polymers ..................... 85 
9.1 Introduction .................................................................................................................. 85 
9.2 Experimental................................................................................................................. 86 
9.3 Results and Discussion ................................................................................................. 86 
9.4 Conclusions .................................................................................................................. 91 
 
10 Summary and Outlook..................................................................................................... 93 
 
References................................................................................................................................ 97 
Publications by the Author .................................................................................................. 103 
Acknowledgements ............................................................................................................... 104 
Curriculum Vitae.................................................................................................................. 105 
IV  Sobiroh Kariyo 
 
  
 
 
 
 
 
List of Tables 
 
 
 
Table Page 
5.1 wM , nM , and the polydispersity of the PI and PB samples ........................................... 36 
5.2 Dispersion exponents γ (T ) and WLF parameters (for temperatures T ≥ 
268 K and relative to T
γωω ∝)(1
0 = 296 K) derived from T1 relaxation data for protonated 
and deuterated PI samples ............................................................................................... 44 
6.1 Formulations of NR samples (in phr: part per hundred) ................................................. 51 
6.2 Formulations of BR samples (in phr) .............................................................................. 51 
9.1 Characterization of PS-b-PB diblock and PS-b-PB-b-PS triblock copolymers [73]....... 86 
VI  Sobiroh Kariyo 
 
  
 
 
 
 
 
List of Figures 
 
 
 
Figure Page 
2.1 Fluctuations of the inter- and intramolecular dipole-dipole interactions within water 
molecules after the time intervals τ1 and τ2, where τ1 << τ2 and (         ) and (         ) 
indicate inter- and intramolecular interactions, respectively............................................. 8 
2.2 Temperature dependences of T1, T1ρ, and T2 relaxation times [32]................................. 11 
2.3 Pulse sequences for measuring T1 relaxation times a) saturation recovery and b) 
inversion recovery sequences .......................................................................................... 13 
2.4 Schematic representation of Field Cycling relaxometry ................................................. 13 
2.5 Hahn echo sequence ........................................................................................................ 15 
2.6 CPMG sequence with 2τ  = τE......................................................................................... 15 
3.1 Schematic representation of the frequency scale covered by NMR techniques [32] ...... 17 
3.2 Schematic representation of a typical cycle of the main magnetic field B0 employed 
with Field Cycling relaxometry, where )d(swtτ  and )i(swtτ  represent the switching 
times to decrease and increase the magnetic fields, respectively.................................... 18 
3.3 Two basic types of field sequences with the 90o rf pulse used in the field cycling 
measurement, a) basic pre-polarized sequence (PP) and b) basic non-polarized 
sequence (NP).................................................................................................................. 20 
3.4 The general block diagram of the FFC relaxometer........................................................ 22 
4.1 Schematic representation of the temperature/frequency ‘window’ accessible by the 
field cycling relaxometer in combination with conventional high-field 
spectrometers [44] ........................................................................................................... 28 
VIII  Sobiroh Kariyo 
 
4.2 The Rouse model of chain dynamics, a bead-and-spring model where the beads 
represent the chain segments connected by springs with negligible mass.......................30 
4.3 Schematic representation of the T1 relaxation dispersion profile (in the logarithmic 
scale) for molecular dynamics of entangled polymers according to Eq. 4.9 and the 
plateau predicted for component C ..................................................................................32 
5.1 Relaxation dispersions for PI and PB melts with different nM  measured at 296 K........38 
5.2 a) Relaxation dispersions for PI sample (PI 287k) as a function of temperature.      
b) Temperature dependence of T1 minima at selected Larmor frequencies.....................39 
5.3 A master curve for  for a PI sample (PI 287k) with individual temperature 
measurements shifted relative to a reference temperature of 296 K................................40 
)'('1 νT
5.4 A master curve for T  a PB sample (PB 774k) with individual temperature 
measurements shifted relative to a reference temperature of 296 K. The solid lines 
represent the fitting of dispersion curves .........................................................................41 
)'('1 ν
5.5 1H relaxation dispersions for main-chain-deuterated PI (PI-d5h3), methyl-
deuterated PI (PI-d3h5), and undeuterated PI (PI-d0h8) measured at 296 K. The 
values of the exponents (γ) for all samples shown here were fitted for region II ............42 
5.6 Master curves for 1H relaxation dispersions obtained from measurements between 
223 K and 348 K shifted relative to 296 K ......................................................................44 
5.7 Temperature dependence of T1 as obtained for a 1H Larmor frequency of 4.38 MHz 
for main-chain-deuterated PI (PI-d5h3), methyl-deuterated PI (PI-d3h5), and 
undeuterated PI (PI-d0h8)................................................................................................45 
5.8 Master curve for 2H relaxation dispersions shifted relative to 296 K for methyl 
deuterated PI, PI-d3h5......................................................................................................46 
6.1 Relaxation dispersion measured at 296 K for natural rubber samples with 
sulfur/accelerator content of 1/1 to 7/7 phr denoted as NR1/1 to NR5/5. The 
relaxation times in the rotating frame, T1ρ, for 1/1 to 5/5 at 298 K are taken from 
reference [57] ...................................................................................................................52 
6.2 Relaxation dispersion measured at 296 K: a) for BR samples with sulfur/accelerator 
content of 1/1 to 4/4 phr denoted as BR1/1 to BR4/4 with an exponent γ ≈ 0.24, and 
b) for a PDMS rubber sample with an exponent of γ  ≈ 0.23...........................................53 
6.3 Relaxation dispersions measured as a function of temperature for natural rubber 
samples: a) NR1/1 and b) NR7/7 .....................................................................................54 
6.4 Temperature dependence of T1 relaxation times at selected 1H Larmor frequencies 
for natural rubber samples with different cross-link densities .........................................55 
List of Figures  IX 
6.5 a) Master curves for relaxation dispersions of Fig. 6.2 (for NR1/1 and NR7/7) 
shifted relative to 296 K and b) employing a further shift of 15 K for NR7/7................ 56 
6.6 A master curve for relaxation dispersions for BR1/1 with individual temperature 
measurements shifted relative to a reference temperature of 296 K ............................... 57 
6.7 Relaxation dispersions at different temperatures for NR1/1 without filler and filled 
with 20 and 50 phr of carbon black ................................................................................. 58 
6.8 Relaxation dispersions at different temperatures for BR1/1 without filler and filled 
with 10 and 30 phr of carbon black. Note the difference in slope of region III of the 
dispersion curves ............................................................................................................. 58 
7.1 A single band of approximately 3 – 4 mm of NR1/1 sample was prepared and a) the 
rubber band was stretched in a U-shape about a hard plastic plate, b) and c) each 
rubber band was wound tightly around an epoxy resin rod with λ of 4 and 7, 
respectively. Notations θ and λ represent the elongation angle with respect to B0 
and the elongation ratio, respectively.............................................................................. 62 
7.2 Relaxation dispersions measured at different temperatures, a) for stretched NR1/1 
samples with different stretching ratios (λ) in the direction parallel or almost 
perpendicular to B0, and b) for a compressed NR1/1 sample with the compression 
axis parallel to B0............................................................................................................. 64 
7.3 Relaxation dispersions measured at different temperatures for PDMS rubber under 
uniaxial stretching with λ ≈ 2 in the direction parallel to B0........................................... 65 
7.4 Master curves for T  for NR1/1 and BR1/1 samples generated from individual 
temperature measurements shifted relative to a reference temperature of 296 K. 
Region III (γ ≈ 0.42) is found only for the BR1/1 rubber sample within the 
accessible measurement windows ................................................................................... 66 
)'('1 ν
7.5 Relaxation dispersions at different temperatures for the BR1/1 sample filled with 30 
phr of carbon black under deformation with λ ≈ 3.5 compared to the unstretched 
sample.............................................................................................................................. 67 
7.6 a) Master curves for T  generated from individual temperature measurements 
shifted relative to a reference temperature of 296 K for unstretched and stretched (λ 
≈ 3.5) BR1/1 samples filled with 30 phr carbon black. b) Magnification of the 
master curves of a) at low frequencies ............................................................................ 68 
)'('1 ν
8.1 a) General scheme for filtering NMR signals according to dipolar encoded DQ 
coherences. b) A five-pulse sequence with 90° pulses supplemented by 180° pulses 
for partial refocusing to measure dipolar encoded DQ filtered signals with variable 
X  Sobiroh Kariyo 
 
excitation and reconversion times τ. The z filter is represented by the last 90° pulse 
of the reconversion period and a free evolution period of duration τ0.............................73 
8.2 Degrees of swelling for NR samples with different cross-link densities (NR1/1, 
NR3/3, and NR5/5) were obtained by preparing mixtures of toluene-d8 and ethanol-
d6 ......................................................................................................................................74 
8.3 Relaxation dispersion curves as a function of weight increase (∆w) by addition of 
solvent, a) for swollen NR1/1 (mixture of toluene-d8 and ethanol-d6), b) for the PI 
709k solution (toluene-d8). T1 data at 200 MHz were measured with a high field 
spectrometer .....................................................................................................................76 
8.4 A comparison of the relaxation dispersions measured at 296 K, a) for NR1/1, 
NR3/3, and NR5/5 samples before swelling and at the maximum degrees of 
swelling in pure toluene-d8 and b) for PI 287k and PI 709k before and after adding 
the same amount of toluene-d8 used to prepare the swollen NR1/1 sample in a)............77 
8.5 Comparison of the relaxation times obtained at different Larmor frequencies as a 
function of weight increase by additional of solvent, a) for the swollen NR1/1 
(mixture of toluene-d8 and ethanol-d6), b) for PI 709k solution (toluene-d8) ..................78 
8.6 Decay curves obtained from CPMG pulse sequences as a function of weight 
increase (∆w) of solvent, a) for swollen NR1/1 (mixture of toluene-d8 and ethanol-
d6), b) for PI 709k solution (toluene-d8). The curves were shifted relative to each 
other for clarity. c) and d) are the corresponding short and long T2 components as a 
function of weight increase (∆w) by additional of solvent obtained from a) for 
NR1/1 and from b) for PI 709k........................................................................................79 
8.7 Double quantum build-up curves as a function of the encoding time τ for different 
weight increases (∆w) by additional of solvent, a) for NR5/5 (mixture of toluene-d8 
and ethanol-d6), b) for PI 709k (toluene-d8) ....................................................................80 
8.8 Relative dipolar coupling constants obtained for swollen NR5/5 and PI 709k 
solution from the curves of Fig. 8.7: data are normalized to the coupling constant 
for NR5/5 in the absence of the solvent (D0) ...................................................................81 
9.1 Relaxation dispersions of PS-b-PB diblock copolymers and PS-b-PB-b-PS triblock 
copolymer compared to those of linear polybutadiene samples, a) at 296 K and b) at 
333 K................................................................................................................................87 
9.2 Plot of the power-law exponent ( νγ log/log ∂∂= 1T ) for the PB components in all 
copolymers compared to the PB melt ..............................................................................88 
List of Figures  XI 
9.3 Relaxation dispersions measured at different temperatures, a) for linear PB with 
nM  = 86k and b) for linear PS with nM  = 107k .............................................................89 
 
XII  Sobiroh Kariyo 
 
  
 
 
 
 
 
 
List of Symbols and Abbreviations 
 
 
 
aT Shift factor 
B Vector of the magnetic induction, referred to as magnetic field vector 
b Kuhn length 
B0 Static magnetic field vector 
B0 Static magnetic field in z direction 
B1 Radio-frequency magnetic field in the rotating frame 
Baq Acquisition magnetic field 
Bloc Local magnetic field 
Bp Polarization magnetic field 
Br Relaxation magnetic field 
BR Butadiene rubber 
Brf Radio-frequency magnetic field 
C1, C2 Material dependent constants  
CPMG Carr-Purcell-Meiboom-Gill 
D Diffusion coefficient  
D  Averaged coupling constant 
DQ Double quantum 
F(k)(t) Fluctuating structure functions 
FFC Fast-field cycling 
FG-NMR Field-gradient nuclear magnetic resonance 
fi Interaction-specific constants 
FID Free induction decay 
XIV  Sobiroh Kariyo 
 
G(k)(τ) Autocorrelation function of orientation 
)(~ )( τkG  Reduced autocorrelation function 
GA(τ) Correlation function for component A 
GB(τ) Correlation function for component B 
GC(τ) Correlation function for component C 
Hi Spin-interaction Hamiltonians 
I(ω) Reduced intensity function 
J(k)(ω) Spectral density function 
k Constant for reproducible field transition 
kB Boltzmann constant 
Ltheo Theoretical lamellar spacing 
M Magnetization vector 
M0 Thermodynamic equilibrium magnetization vector 
M0 Thermodynamic equilibrium magnetization 
Mc Critical molecular weight 
MOSFET Metal-oxide semiconductor field-effect transistor 
Mw Molecular weight 
wM  Weight-averaged molecular weight 
nM  Number-averaged molecular weight 
N Number of Kuhn segments 
NMR Nuclear magnetic resonance 
NP Non-polarized sequence 
NR Natural rubber 
NSE Neutron spin-echo 
O(k) Spin-operator functions 
PB Polybutadiene  
PDMS Polydimethylsiloxane 
PEO Polyethyleneoxide 
phr Part per hundred 
PI Polyisoprene 
PP Pre-polarized sequence 
PS Polystyrene 
Q Quality factor of the coil 
List of Symbols and Abbreviations  XV 
r Internuclear distance 
rf Radio frequency 
rms Root mean square 
S/N Signal-to-noise 
SANS Small angle neutron scattering 
SDQ Double-quantum signal 
T Absolute temperature 
T0 Reference temperature 
T1 Spin-lattice relaxation time 
T1ρ Spin-lattice relaxation time in the rotating frame 
T2 Transverse relaxation time 
TBBS N-Tertiarybutyl-2-benzothiazole sulfenamide: C11H14N2S2 
Tg Glass transition temperature 
Tm Melting temperature 
Vs Sample volume 
WLF Williams-Landel-Ferry 
∆w Weight increase 
x, y, z Components of the vector 
x´, y´, z´ Axes for the rotating frame coordinate system 
δ Solubility parameter 
ξ Reciprocal noise level of the receiver electronics 
γ Value of the exponent in the power-law relation 
γn Gyromagnetic ratio 
η Asymmetry parameter, in the longitudinal relaxation rate 
η Filling factor 
λ Stretching ratio 
µ0 Magnetic field constant 
ν Larmor frequency 
∆ν Bandwidth of the receiver filtering and amplification system 
θ Stretching angle with respect to B0 
τc Correlation time 
τE Echo time 
τs Segmental reorientation time 
XVI  Sobiroh Kariyo 
 
τswt Switching time 
τt Terminal chain relaxation time 
ω0 On-resonance precession frequency 
  
 
  
 
 
 
 
 
Chapter 1 
 
Introduction 
 
 
 
One of the key goals in polymer science is to understand the molecular dynamics that leads to 
establish the structure-properties relationships, which are important in order to improve and 
design new materials for new applications. According to the molecular weight Mw, there are 
two important cases of molecular dynamics for polymer solutions and melts [1]. Firstly, in 
unentangled chains (Mw < Mc), where Mc is the critical molecular weight when entanglements 
start, topological interactions between chains are unimportant because the chains do not 
sufficiently overlap. In order to see entanglements, chains must typically be several hundred 
monomers long. The unentangled regime divides into two sub-cases depending on whether or 
not long-range hydrodynamic interactions are important for the drag on the chains. The case 
where there is only local dissipation due to frictional forces as the chains slide past one 
another has been considered by Rouse [2] as a model for dilute solution which finds its 
realization in low molecular weight melts. In solution, the more complicated situation with 
hydrodynamic interactions is dominating and the relevant model has been devised by Zimm 
[3]. Secondly, in entangled chains (Mw > Mc), chain movements are restricted by topological 
constraints of the surrounding chains. The mathematical formulation of the local drag needs to 
be supplemented by a model of the topological restrictions. This is the role of the tube model 
introduced and developed by Doi and Edwards [4] together with the reptation motion (a snake 
like movement of the chain under the Brownian motion) suggested by de Gennes [5]. The 
tube model with the reptation motion, however, considers the dynamics of the polymer chain 
in the presence of fixed obstacles. Therefore, Schweizer [6] proposed the renormalized Rouse 
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formalism in which the entanglement effects were taken into account by a generalized 
Langevin equation applying a so-called memory function term. In fact, this regime also 
divides into two classes depending on the topological structure of the chains themselves, i.e. 
whether they are linear or branched.  
So far, several experimental techniques have been used to probe polymer dynamics on 
the entanglement scale. Rheology and even rheo-optical measurements [7, 8] are used to 
analyze the macroscopic level while neutron spin-echo (NSE) [9 – 11] and nuclear magnetic 
resonance (NMR) [12 – 15] are able to probe directly the molecular motion. Dielectric 
spectroscopy provides chain orientation dynamics and small angle neutron scattering (SANS) 
[16, 17] of selectively deuterated material in quenched-flow experiments has started to reveal 
the nature of the anisotropic structure on the lengthscale of the chain under step-strain 
deformations. Dynamic light scattering as well as SANS on concentrated solutions has begun 
to test the consequences of theory for relaxation of composition fluctuations [18]. The 
efficacy of all these techniques is sharpened by the synthesis of monodisperse molecules of 
controlled architecture and deuteron-labelling via anionic methods. These days, by the power 
of computer simulations, it is possible to conduct molecular dynamics simulations of 
polymers that contain 50 chains each of 10 000 monomers for which the entanglement is 
relevant [19].  
Elastomers are regarded as ‘soft-solid’ polymers and it is possible to consider them as 
polymer melts with additional geometrical constraints. The difference between them is the 
fact that molecular chains of elastomers are permanently crosslinked to each other at very rare 
points, sufficiently for each chain to be permanently immobilized from large-scale motions. 
So far, a wide range of NMR techniques has successfully been applied to investigate 
elastomers. For example, based on dynamical aspects of the molecular motions from 
measurements of the transverse and longitudinal relaxation times [20 – 25], influences of 
cross-link density, curing efficiency, addition of filler particles and their distribution, and 
aging of elastomers can be investigated. Still, the technique is restricted to narrow time and 
frequency windows and can only probe a certain aspect of the molecular motions. One 
technique, which has been proven to be suitable for the determination of the long-time 
behavior of molecular motion, is the measurement of time-dependent self-diffusion 
coefficients with field-gradient NMR [26 – 28]. However, it fails for elastomers due to the 
presence of the cross-links, the center-of-mass diffusion of the molecules which is bound to 
zero in the long-time limit, and segmental oscillations which are restricted mostly to the inter-
crosslink distances. Field-cycling NMR relaxometry [29 – 32] is one method that favors the 
approach of liquid-like systems in a natural way. The main advantage of this technique over 
Introduction  3 
other NMR methods is the information obtained over several orders of magnitude in 
frequency without the necessity of changing the temperature of the sample. Consequently, this 
technique is suitable to study molecular dynamics of elastomers.  
The focus of this work is to investigate the molecular dynamics of elastomers such as 
natural rubber, polybutadiene rubber, etc. with and without additional chemical and physical 
constraints using field-cycling relaxometry. Measurements were restricted to T1 relaxation 
times obtained in the proton Larmor frequency range starting from a few kHz up to 20 MHz. 
It covers the most interesting range for the chain dynamics, in particular, the crossover point 
from local motions to reorientations which are affected by the presence of the so-called 
topological constraint caused by the neighboring chains. By combining field cycling with 
high-field NMR, the T1 relaxation times accessed in this work cover about five decades of the 
Larmor frequency [32]. In addition, T2 relaxation times and double quantum (DQ) 
measurements with high-field NMR spectrometers were conducted in these studies. Further 
investigations employing field-cycling relaxometry focused on fully and partially deuterated 
polyisoprene samples. Moreover, these techniques were also applied to the investigations of a 
few copolymer systems. 
In this thesis, the background of NMR relaxometry is presented (chapter 2). Field-
cycling relaxometry as well as technical requirements for this technique and for performing 
experiments are reviewed in chapter 3. The use of field cycling relaxometry for the study of 
polymer dynamics is described in chapter 4. Chapters 5 to 9 focus on results and discussion 
from several investigations of molecular dynamics of elastomers and their copolymers as 
mentioned above under different conditions. In fact, studies of some polymer melts by field-
cycling relaxometry have been reported in the literature [33 – 39]. However, in the case of 
polyisoprene melts, behavior deviating from that reported in the literature was found. 
Therefore, the polyisoprene melt data was used as a standard for comparison with that of 
natural rubber samples. Results obtained from this study together with those obtained from an 
investigation on the deuterated polyisoprene melts are illustrated in chapter 5. The latter 
concerns mainly the investigation based on intramolecular interactions which was obtained 
from deuteron T1 relaxation times. The following chapter 6 presents and discusses results 
obtained from investigations of several elastomers under the influence of cross-link density 
and filler content. The influence of a static deformation on the molecular dynamics of 
elastomers is described in chapter 7, and solvent induced molecular mobility in polyisoprene 
melts and networks are described in chapter 8. Cross-links in rubber samples do not represent 
perfectly immobilized points that contribute strong topological constraints of polymers. On 
the other hand, such fixations are able to generate by chemical bonding as can be seen in 
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copolymers. Therefore, the author also conducted measurements on some copolymer systems, 
such as diblock and triblock copolymers of polybutadiene and polystyrene. The following 
chapter 9 reviews the results from this study which was mainly focused on the so-called soft 
components (polybutadiene) of the copolymers. The author summarized and addresses some 
outlook from these studies in the last chapter, chapter 10. Finally, the author wishes all people 
who are interested in this work would gain some useful information for their research works.  
  
 
 
 
 
 
Chapter 2 
 
NMR Relaxometry 
 
 
 
Nuclear Magnetic Resonance (NMR) provides a large number of techniques suitable for 
studies of molecular dynamics. NMR relaxometry is one of the most important techniques 
which yields information based on phenomena of nuclear-spin relaxation. In this chapter, the 
fundamentals of NMR relaxation including relaxation functions, relaxation mechanisms, 
autocorrelation and spectral density functions are reviewed. Spin-lattice relaxation and 
transverse relaxation times are discussed in terms of experimental techniques used in this 
work. More details described for  NMR relaxometry can be found in C. P. Slichter, Principles 
of Magnetic Resonance, 3rd edition, Springer, Berlin, 1990 [40], in S. W. Homans,                 
A Dictionary of Concepts in NMR, Clarendon Press, Oxford, 1992 [41], and in R. Kimmich, 
NMR Tomography Diffusometry Relaxometry, Springer, Berlin, 1997 [42].
 
 
2.1 NMR Relaxation Functions 
 
The relaxation in terms of NMR considers the time required by the nuclear spin system to 
reach the equilibrium. The equilibrium condition of the nuclear spin system is characterized 
by a state of polarization with magnetization of magnitude M0 aligned along the longitudinal 
static magnetic field B0 direction. Once additional energy is introduced into the system by i.e. 
rf pulses, this gives rise to components of both longitudinal and transverse magnetization 
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relative to B0. Returning to its thermal equilibrium, the spin system needs to dissipate this 
excess energy which is described as ‘relaxation’. This is called longitudinal or spin-lattice 
relaxation times.  
For the case of homonuclear systems, the phenomenologically formulated Bloch 
equation [43] describing magnetization components M in a magnetic field B for the laboratory 
frame is obtained:  
⎟⎟
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The spin-lattice relaxation time T1 refers to the z component of the magnetization which 
relaxes towards its equilibrium value M0, the Curie magnetization. The term spin-lattice 
relaxation derives from the fact that the relaxation process involves an energy transfer to the 
‘lattice’ degrees of freedom of the system. Transverse relaxation, on the other hand, describes 
the loss of magnetization in the transverse plane (xy plane). For example, suppose the net 
magnetization is placed to the xy plane, it will rotate about the z axis at the Larmor frequency. 
The net magnetization starts to dephase because each spin experiences a slightly different 
magnetic field caused by spin interactions. The time required to return to equilibrium of the 
transverse magnetization Mxy, which is to zero, is called the transverse relaxation time T2.  
Applying an rf field Brf(t) temporarily perpendicular to the main magnetic field B0, the 
total magnetic field is given by 
)()( rf0 tt BBB +=                                                                                                         (2.2) 
or, 
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The Brf(t) with the amplitude of 2B1 is assumed to oscillate along the x axis. Equation 2.3 can 
then be written as 
⎟⎟
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t ω
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B .                                                                                                  (2.4) 
Finally, the Bloch equations in the laboratory frame for the field given by Eq. 2.2 are 
described as follows: 
[ ]
2
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d
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M
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t
M x
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x −+= ωγ ,                                                                     (2.5) 
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Under the same conditions, the Bloch equations in the rotating frame become 
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where ω0 is the on-resonance precession frequency. Solutions of these Bloch equations in both 
laboratory-frame and rotating-frame experiments depend on the particular rf pulse sequences 
used. A few examples related to measurements used in this work such as T1 relaxation times 
obtained from saturation recovery and inversion recovery pulse sequences, T1 relaxation 
dispersion obtained from field-cycling relaxometry, T2 relaxation times obtained from the 
Carr/Purcell/Meiboom/Gill (CPMG) pulse sequence will be mentioned later. 
 
 
2.2 Relaxation Mechanisms 
 
NMR relaxation, in general, stipulates fluctuations of the spin interactions where temporal 
fluctuations are a consequence of molecular or lattice dynamics. For instance, rotational 
diffusion of a molecule gives rise to stochastic modulations of all anisotropic spin couplings 
within the molecule. 
The spin-interaction Hamiltonians relevant for magnetic resonance can be expressed in a 
general form as 
∑=
k
kk
ii tFft
)()( )()( OH                                                                                             (2.11) 
where the factors fi are interaction-specific constants, F(k)(t) are the fluctuating structure 
functions, and O(k) are the spin-operator functions. 
There are several types of couplings leading to relaxation. Dipolar coupling provides a 
very efficient relaxation mechanism, although quadrupole coupling normally dominates if 
present. The coupling by dipolar interactions can be from the same or different isotopes. 
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Quadrupolar coupling itself is from quadrupolar nuclei which are affected by local changes in 
the electric field gradient due to molecular reorientation or lattice vibration. Electron 
paramagnetic particles enhance nuclear-spin relaxation by dipolar and scalar interactions. 
They may therefore be employed as ‘relaxation agents’. Scalar interactions are more 
important for solid materials and rather influence the T2 relaxation time. When dipolar or 
quadrupolar couplings are comparatively weak or absent, chemical-shift anisotropy often 
plays a crucial role at high magnetic fields. Finally, in gases and low-viscous liquids, the spin-
rotation interaction contributes to relaxation. Consequently, the T1 relaxation time consists of 
T1 relaxation times caused by many different types of couplings as described in Eq. 2.12 that 
usually cannot be measured individually.  
...1111
onspinrotati1rquadrupola1dipolar11
+++=
TTTT
    .                                                            (2.12) 
Consider the T1 relaxation time cause by the dipolar interaction of two spins 1/2, such as two 
protons 1H. There are two possible contributions which are from intermolecular and 
intramolecular interactions. Fluctuations of these interactions causing relaxation are from 
motions including rotation and/or translation of molecules as illustrated in Fig. 2.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Fluctuations of the inter- and intramolecular dipole-dipole interactions within 
water molecules after the time intervals τ1 and τ2, where τ1 << τ2 and (         ) and (         ) 
indicate inter- and intramolecular interactions, respectively.  
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For any of those events mentioned above, in order to cause relaxation, there must be a 
time-dependent movement of spin interactions which act directly on the spins. An essential 
requirement for relaxation is that the molecular motion in question must have a suitable time 
scale. That is, interactions which cause fluctuations at or near the Larmor frequency, will be 
the most effective in causing relaxation. To describe these phenomena, it is necessary to have 
a function. The function used to compute the time dependence of the vector orientation and 
length is called autocorrelation function, and its Fourier transform is the so-called spectral 
density function.  
 
 
2.3 Autocorrelation and Spectral Density Functions 
 
The phenomenon of the fluctuation of spin interactions is described by the autocorrelation 
function )()( τkG of the structure function . The autocorrelation function is a measure 
of the correlation between the values of a function  with itself at the time difference τ. 
Thus, it measures the persistence of the fluctuations 
)()( tF k
)()( tF k
)()()( )()()( ττ += − tFtFG kkk  .                                                                                 (2.13) 
The brackets indicate the ensemble average. The Fourier transform of the autocorrelation 
function is known as the spectral density function )()( ωkJ . It represents the probability of 
fluctuations in the structure function at frequency ω 
∫∞
∞−
= ττω ωτ d)()( )()( ikk eGJ  .                                                                                        (2.14) 
The initial values of the autocorrelation functions are equal to the mean squared fluctuation of 
the structure function  
2)(
)( )0(
k
k FG =  .                                                                                                    (2.15) 
Irrespective of the interaction and observable types, one can show that the relaxation rates can 
be expressed in terms of the reduced autocorrelation function 
2)(
)()(
)(
)0(
)()0(
)(~
k
kk
k
F
FF
G
ττ
−
= .                                                                                      (2.16) 
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The reduced intensity function )(ωI  (also called spectral density function) is the Fourier 
transform of the reduced autocorrelation function )(~ τG  and is supposed to be the same for all 
F(k)
∫∫ ∞+∞
∞−
− ==
0
d cos)(~2d)(~)( τωττττω ωτ GeGI i .                                                               (2.17) 
These definitions of the reduced correlation and spectral density functions imply that the 
ensemble of the spin system is ergodic. That is, all orientations occurring in the ensemble are 
to be reached by all participating spin systems provided that one waits long enough. In the 
case of anisotropic motion, the correlation times are longer than the actual relaxation times. 
Therefore, Eq. 2.16 may be reduced further to the part which is actually relevant for 
relaxation. Equation 2.16 becomes  
2)(2)(
2)()()(
)(
)()0(
)(~
kk
kkk
k
FF
FFF
G
−
−=
− ττ .                                                                     (2.18) 
Here, 1)0(~ =G  and 0)(~ =∞G  where “∞” means a time in the order of the relaxation times. 
The averages now refer to sub-ensembles which are ergodic on the time scale of the spin 
relaxation. That is only reorientations taking place on that scale are taken into account. 
Consequently, Eq. 2.18 depends on the orientation of the anisotropically reorienting spin 
system. Hence, the local relaxation rates tend to do so as well. In the case of spin-lattice 
relaxation in the fast spin-diffusion limit, such as the case of hydrogen within a certain 
volume where diffusion is fast enough to average relaxation rates, a powder average can be 
taken already on the stage of the reduced correlation function at Eq. 2.17. On the other hand, 
if the total spin ensemble is ergodic on the relaxation-time scale, we have 0)( =kF , and   
Eq. 2.18 coincides with Eq. 2.16. 
Frequently, for the case of isotropic rotational diffusion of molecules and intramolecular 
interaction of two-spin systems with fixed inter-nuclear distances, the motional averaging can 
be expressed in terms of an exponential decay reduced autocorrelation function with a time 
constant τc, 
{ cG τττ /exp)( }~ −= ,                                                                                                  (2.19) 
where τc is called the correlation time. The reduced intensity function in Eq. 2.17 becomes 
221
2
)(
c
cI τω
τω +=     .                                                                                                    (2.20) 
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Spectral density functions such as in Eq. 2.20 are fundamental to the theoretical description of 
relaxation. They allow the motional characteristics of the system (defined by τc) to be 
expressed in terms of the spectral density function at frequency ω. Note that Eq. 2.16 is 
formulated on the assumption that )(~ τG  decays exponentially. The precise form of the 
spectral density function contributed by various relaxation rates depends on the type of spin 
interactions.  
 
 
 
 
 
 T1 [s] 
 
 
 
 
 
 
 103/T [K-1] 
 
Figure  2.2: Temperature dependences of T1, T1ρ, and T2 relaxation times [32]. 
 
Concerning the dipolar interaction, for example, the expressions for the spin-lattice 
relaxation rates in the laboratory frame 1/T1 and the rotating frame 1/T1ρ, and for comparison 
the transverse relaxation rate 1/T2, for two like-spin systems (which assumes a fixed 
internuclear distance r) are shown in terms of the reduced spectral densities I(ω) as 
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The expression for T1ρ equals for T2 when ω1 approaches zero. By changing ω1, T1ρ at various 
time scales is obtained which gives useful information to characterize molecular motions of 
the system. However, by limitation of the hardware, T1ρ can only be measured in a very 
narrow range. Figure 2.2 represents the basic temperature dependence characteristic of these 
expressions. It shows that the T1 relaxation time passes through a minimum at 1≈cωτ  
( 11 ≈cτω  for the case of T1ρ). The region 1<<cωτ , where these T1, T1ρ, and T2 times are 
equal as cI τω 2)( =  (Eq. 2.20), is known as the extreme narrowing limit.  
For the case of nuclear spins with I > 1/2, quadrupolar interactions exist which are 
subjected to quadrupolar relaxation. In this case, such as 1=I , the spin-lattice relaxation rate 
becomes 
[ )2(4)(
3
1
80
31
00
222
1
ωωη IIqQe
T
+⎟⎟⎠
⎞
⎜⎜⎝
⎛ +⎟⎟⎠
⎞
⎜⎜⎝
⎛= h ]                                                             (2.24) 
where η is the asymmetry parameter and ( )h/2qQe  is the quadrupolar coupling constant. 
Interactions caused by quadrupolar nuclei are entirely intramolecular interactions. Usually, if 
it is present in the system it tends to be stronger than the dipolar couplings.  Therefore, it is a 
very important source of the relaxation except for the case where the coupling constant 
vanishes due to molecular symmetry.   
A mono-exponential correlation function (Eq.  2.19), as mentioned above, is an ideal 
situation that is rarely observed experimentally. For example, more complicated correlation 
functions for the investigation of the polymer dynamics have been proposed by R. Kimmich, 
N. Fatkullin, et al. [42, 44] and will be described in chapter 4.   
 
 
2.4 Spin-Lattice Relaxation 
 
The recovery time of the longitudinal component of the magnetization Mz to its equilibrium 
value M0 is the so-called longitudinal or spin-lattice relaxation time T1. As mentioned before, 
the solutions of the Bloch equations (Eq. 2.5 - 2.10) depend on the actual pulse sequence used 
in the measurements. Two common sequences used to measure the T1 relaxation time are the 
saturation recovery and the inversion recovery sequences. The saturation recovery contains 
two (or more) 90o pulses (Fig. 2.3a). As for the inversion recovery method, an initial 180o 
pulse is applied followed by a 90o pulse (Fig. 2.3b).  
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a)                                                                            b)  
Figure 2.3: Pulse sequences for measuring T1 relaxation times a) saturation recovery and b) 
inversion recovery sequences.  
 
The magnetization recovery curves for both methods are  
( )1/0oo 1)( : )90(90 Tz eMM ττ −−=−                                                                           (2.25) 
( )1/0oo 21)( : )90(180 Tz eMM ττ −−=−                                                                       (2.26) 
where τ is the delay time between two pulses. The T1 relaxation time determines the repetition 
time of an NMR experiment during signal accumulation. When a non-equilibrium steady state 
has to be avoided at the beginning of an NMR experiment, the minimum repetition time has to 
be approximately five times T1. 
 
   B 0  [ T ]  
τ 
 Baq
Br 
 Bp
FID 
 
 
  t
  t
 
 
 
 
 
 0 
 
RF  
 
Figure 2.4: Schematic representation of Field Cycling relaxometry.  
 
The main method used in this work is field-cycling relaxometry, which is to measure the 
T1 relaxation time as a function of frequency, or the T1 relaxation dispersion. The most 
common pulse sequence used in this study is the one which consists of a 90o pulse and the 
field cycling sequence shown in Fig. 2.4. At first, the sample is polarized at high field, the 
14     Sobiroh Kariyo 
 
polarization field (Bp), for a time sufficiently long until the nuclear magnetization reaches 
saturation. Then, the magnetic field is set to the relaxation field (Br) for a time τ. After that, it 
is set to the acquisition field (Baq). Here, the 90o pulse is applied.  
At first, the magnetization is aligned along the external magnetic field direction and is 
initially equal to the Curie equilibrium magnetization in the polarization field  
)()0()0( p0 BMMM z ==                                                                                           (2.27) 
where the potential relaxation losses during the switching time is excluded. It then relaxes to 
the new Curie equilibrium magnetization of Br, M0(Br). By changing the τ value, the T1 
relaxation time at Br is measured. In this case, the solution of the time dependence of Mz for 
field-cycling relaxometry is 
[ ] )(/r0p0r0 r1  )()()()( BTz eBMBMBMM ττ −−+=    ,                                                   (2.28) 
where τ here is the time at Br. The same process is repeated by changing the Br field to obtain 
the T1 relaxation dispersion. More information on pulse and field sequences as well as 
technical requirements for this method will be given in chapter 3. 
 
 
2.5 Transverse Relaxation 
 
T2 determines how long the magnetization takes to lose phase coherence in the transverse 
plane following perturbation of the spin system by an rf pulse. Moreover, because of the 
inhomogeneity in the magnetic field (∆B0), the actual decay of the transverse magnetization 
differs from that caused by the pure T2, therefore, an apparent transverse relaxation time 
constant T2* is often quoted. The relationship between the T2 from molecular processes and 
that from the magnetic inhomogeneity is as follow 
0
22
11 B
TT
∆+=  * γ .                                                                                                       (2.29) 
The most common method used to determine the T2 relaxation time is the spin-echo 
(Hahn echo) [45] sequence where a 90o pulse is applied along the x direction followed by a 
180o pulse aligned along the y axis after a delay time τ. At the time equal to 2τ, the so-called 
echo time Eτ , a reoccurrence of the signal (spin echo or Hahn echo) is regenerated as shown 
in Fig. 2.5. At the center of the Hahn echo, all magnetization components are refocused. Due 
to the T2 relaxation time, one part of the transverse magnetization has disappeared and the 
echo amplitude is smaller than that of the FID (free induction decay) after the first 90o pulse. 
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Figure 2.5: Hahn echo sequence. 
 
Therefore, by noting the echo amplitude as a function of the delay time τ, T2 can be obtained: 
2/2
0)2(
TeMM ττ −= .                                                                                                    (2.30) 
However, if diffusion is taken into account, the general expression for the echo amplitude is 
322
2 )3/2(/2
0)2(
τγττ DgT eeMM −−=                                                                                   (2.31) 
where D is the diffusion constant and g is the magnetic field gradient. In the case of strong 
field inhomogeneity (large g) and if the diffusivity of the molecules is sufficiently high, then, 
the diffusion decay (τ3 term) becomes comparable to the relaxation decay. Or conversely, if   
g is known, theτ3 term can be used to measure D. The effect of diffusion can be reduced by 
using the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence (Fig. 2.6). Instead of one 180o 
pulse, a series of 180o pulses is used with a sufficiently short separation time τ and the 
amplitude of the nth echo is described as  
ττγττ nDgTn eeMnM 2222 )3/2(/20)2( −−=    .                                                                        (2.32) 
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Figure 2.6: CPMG sequence with 2τ  = τE. 
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Chapter 3 
 
Field Cycling Relaxometry 
 
 
 
The relaxation times are a consequence of spin interactions which depend on the environment 
of the spin systems. For the case of polymers, the behavior of molecular motions is quite 
complicated, concerning a wide range of time scales. Field cycling relaxometry is one of the 
NMR techniques providing the information about the molecular motions at a wide range of 
time scales (Fig. 3.1). The term ‘relaxometry’ refers mainly to the T1 relaxation time (“in this 
work” – one often reads the word also in the context of T2). Field cycling, in principle, 
involves having the sample at different Zeeman fields B0 (two or more) at different times in 
one experiment. Consequently, field cycling relaxometry provides the frequency dependence 
of T1 or the so-called T1 relaxation dispersion. In this chapter, field-cycling relaxometry as 
well as technical requirements for this technique and for performing experiments are 
discussed. Further information can be found from the literatures reviewed by R. Kimmich,    
et al. [29, 32], by F. Noack [30], and G. Ferrante [31]. 
 
ω 
[rad Hz] 
Field Cycling relaxometry 
Conventional 
relaxometry 
Field-Gradient NMR 
diffusometry 
T1ρ relaxometry
101        102        103        104        105        106        107        108        109  
 
 
 
 
 
 
Figure 3.1: Schematic representation of the frequency scale covered by NMR techniques [32]. 
18  Sobiroh Kariyo 
 
3.1 Introduction 
 
The principle of field cycling relaxometry is to obtain T1 relaxation times over a wide range of 
frequencies. A typical field cycling relaxometry experiment is illustrated in Fig. 3.2. At first, 
the sample is polarized at the polarization field Bp as high as technically possible until its 
magnetization achieves saturation, i.e. the polarization time τp should be longer than five 
times the T1 at that Bp. The magnetic field is then switched to a value of the relaxation field Br 
where the relaxation process takes place. At the end, the magnetic field is switched to a value 
of the acquisition field Baq which is again as high as possible. The signal is acquired after 
applying an rf pulse with a frequency equal to aqBγω = . The T1 relaxation time at the Br field 
is measured by varying the time interval τ. For obtaining the T1 relaxation dispersion profile, 
new Br fields are set and the corresponding T1 relaxation times are measured.  
 τswt(i) 
 
RF 
FID 
t 
B0
Br
Baq
Bp
τ 
90o
τp
τswt(d) 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Schematic representation of a typical cycle of the main magnetic field B0 
employed with Field Cycling relaxometry, where )d(swtτ  and )i(swtτ  represent the switching 
times to decrease and increase the magnetic fields, respectively. 
 
The field cycling experiment can be performed by changing the Br either mechanically 
or electronically. The first case refers to as ‘sample shuttle technique’ where mechanical or 
pneumatic systems move the sample between positions of different magnetic fields [46 – 50]. 
The time lost during shuttling the sample is in the order of hundreds of milliseconds. 
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Therefore, the shuttling technique is not suitable for measuring short T1 relaxation times. The 
second case often refers to as ‘Fast Field Cycling Relaxometry (FFC)’. The Br field is 
switched electronically between the desired values. Recently, special electric networks 
combined with sophisticated air cored magnets allowed to switch the magnetic fields between 
zero and 1 Tesla within the switching time (τswt) of a few milliseconds. This technique permits 
the measurement of T1 relaxation times down to the local-field regime and that overlaps with 
the time scale accessible by the field-gradient NMR (FG-NMR) diffusometry (Fig. 3.1). 
Together with T1 relaxation times obtained from high-field NMR spectrometers, the total 
frequency ranges for proton and deuterons are 
103 Hz < νproton < 109 Hz  and 102 Hz < νdeuteron < 108 Hz,                                           (3.1) 
respectively. In fact, the high frequency is limited by the availability of high-field 
spectrometers.  
 
 
3.2 General Requirements 
 
At low magnetic fields, one faces problems to determine the relaxation time with conventional 
and stationary NMR spectrometers. It is difficult to detect the NMR signal due to the weak 
nuclear induction, lower Curie magnetization, and narrow bandwidth of the rf pulses. 
However, it is possible to overcome these problems by field cycling relaxometry in elevating 
the field for detection. In order to perform the field cycling experiment, several conditions 
need to be considered which are described below.  
 
3.2.1 The Adiabatic Condition 
A characteristic of the adiabatic condition is that no transitions occur: the spin system always 
resides in eigenstates of the instantaneous Hamiltonian, and all populations remain 
unchanged. For field cycling experiments, all transitions have to be slow enough to satisfy the 
adiabatic condition which is given as 
B
d
d
B
γτ <<×
BB2
1                                                                                                         (3.2) 
where  is the total flux density seen by the nuclei. Bloc0 BBB += loc is the local field caused 
by secular spin interactions. That is, the local magnetization should always remain aligned 
along the quantizing field Bz. The directions of the local fields are more or less randomly 
distributed and do not coincide with that of the external magnetic flux density B0. At high 
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magnetic field, B0 >> Bloc, the local fields can be neglected, and the quantization direction 
coincides with the direction of B0. Under such conditions, there is no upper limit of the field 
variation rate. It remains always adiabatic.  
 
3.2.2 The Switching Time (τswt) 
The switching time (τswt), the time used to switch between different magnetic fields (Fig. 3.2), 
is one of the most important parameters for field cycling relaxometry. It becomes more critical 
for measuring a very short T1 relaxation time which often occurs at low frequency. Usually, 
the switching time τswt has to be much smaller than the T1 relaxation time  
)( r1swt BT<<τ   .                                                                                                           (3.3) 
However, if the course of the magnetic field during the switching intervals is reproducible 
after the field cycle, this condition becomes less restrictives [30]. The T1 relaxation time from 
Eq. 2.28 measured after the time tswττ +  is given by 
[ ] )(/r0p0r0swt r1 )()()()( BTz eBMBMkBMM τττ −−+=+                                               (3.4) 
where k is a constant for reproducible field transition. Still, there is no systematic error for the 
case of T1 < τswt. The restriction is rather for the difference between the magnetization after 
reaching the relaxation field, k[M0(Bp) – M0(Br)]. It has to be large enough to be able to obtain 
a reliable T1 relaxation time. 
 
3.2.3 The Two Basic Field Sequences 
 
 
 
 
 
 
 
 
 
 
 
0 
t t 
0 
BaqBaq
Br
Br
Bp
B0B0
a)                                                                              b) 
Figure 3.3: Two basic types of field sequences with the 90o rf pulse used in the field cycling 
measurement, a) basic pre-polarized sequence (PP) and b) basic non-polarized sequence (NP). 
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The general field sequence as shown in Fig. 3.2 is suitable for the measurement when the 
difference of Bp and Br is sufficiently large. For the case of high Br, the difference between Bp 
and Br in Eq. 3.4 can be too small for causing a sufficient deviation from equilibrium and for 
accurate evaluation of the T1 relaxation time. In this case, it is more favorable to start the cycle 
in the absence of any polarization field. Therefore, field cycling relaxometry contains 
basically the pre-polarized (PP) sequence for the measurement at low fields and the non-
polarized (NP) sequence for the measurement at high fields as shown in Fig. 3.3.   
 
3.2.4 The Signal-to-Noise (S/N) Ratio 
One of the critical limitations of field cycling applications is the signal-to-noise (S/N) ratio. It 
is necessary to acquire the signal at the acquisition field which is reproduced in the 
subsequent phase cycles accurately enough, so that the signals can be accumulated. Without 
the phase cycles, on the other hand, only the magnitude signals can be accumulated. For 
standard NMR spectrometers, a S/N ratio can be expressed as   
⎟⎠
⎞⎜⎝
⎛
∆∝ ν
νηξ 00/ Tk
QVBNS
B
s ,                                                                                          (3.5) 
where η is the filling factor of the rf coil, Q is the quality factor of that coil, Vs is the sample 
volume, kB is the Boltzmann constant, T is the absolute temperature, πγν 2/00 B=  is the 
Larmor frequency, ∆ν is the bandwidth of the receiver filtering and amplification system, and 
ξ < 1 represents the reciprocal noise level of the receiver electronics. Equation 3.5 shows that 
the S/N ratio increases proportional to . On the other hand, with the use of high Q coils, 
low-noise receivers, and narrow rf filters one is able to achieve a high S/N ratio.  
2/3
0B
For the case of field cycling relaxometry, where the polarization (Bp) and acquisition 
(Baq) fields are different, the S/N ratio in Eq. 3.4 must be modified as 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
∆∝ ν
νηξ aqp/ Tk
QVBNS
B
s ,                                                                                          (3.6) 
where πγν 2/áqaq B=  is the Larmor frequency of the Baq field. In this case, high Bp and Baq 
fields are required for a good sensitivity. However, the high Bp field might induce heat to the 
magnet since five times T1 is required for the polarization time. The field homogeneity and 
reproducibility are experimental specifications of the Baq field. Polarization and acquisition 
flux densities up to 1.5 T have been shown to be possible with electronically switched systems 
equipped with superconducting [51] or resistive copper [52] magnet coils.  
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3.3 Fast-Field Cycling Relaxometer 
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Figure 3.4: The general block diagram of the FFC relaxometer. 
 
The first electronically switched field-cycling relaxometers were built several decades ago and 
were designed by A. G. Redfield, W. Fite, and H. E. Bleich at the IBM Watson Research 
Laboratory and by R. Kimmich and F. Noack at the University of Stuttgart [30]. The first 
commercial FFC instrument was introduced by Stelar s.r.l., Mede, Italy, a few years ago. In 
this work, the Stelar FFC relaxometer was used to obtain the T1 relaxation dispersion profiles. 
Figure 3.4 shows the general block diagram of the FFC relaxometer. As mentioned 
before, the main approaches for the field cycling relaxometer are to achieve fast switching 
times and suitable settling times of precise field cycles combined with strong Bp and Baq fields 
to obtain a S/N ratio as good as possible. The FFC relaxometer, in general, contains several 
parts such as the magnet, the power supply for the magnet, the temperature compensation of 
the magnet, the cooling system, the temperature controller for the sample, the NMR console, 
and the computer controller, which are described below. The author describes each part 
referring to the FFC Stelar system.  
 
3.3.1 The Magnet 
Due to the different requirements of the magnetic fields mentioned in section 3.2, a suitable 
electromagnet for a fast switching between the magnetic fields must be designed to have low 
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inductance and resistance values. On the other hand, the spatial homogeneity of the magnetic 
field in the region of the sample must be high enough to allow a proper signal acquisition. 
Recently, only the air-cored magnet has been used for fast-field cycling applications. After 
considering other factors, such as quality, cost, efficiency, reproducibility etc., this magnet has 
been chosen for the FFC Stelar system and a two layer (two concentric coils) air-cored magnet 
was adopted. It provides the maximum magnetic flux density of 0.5 – 1 T with the 
homogeneity of about 200 ppm over 1 cm3. 
 
3.3.2 The Magnet Power Supply 
An important feature of the power supply control unit is that it allows to ramp between two 
values of the magnetic fields at a controlled switching rate. For the Stelar system, the magnet 
current is controlled by the MOSFET (metal-oxide semiconductor field-effect transistor) bank 
during the whole cycle including the transitions between different field levels. The MOSFET 
bank was developed to allow the experiment running reliably even when a few MOSFETs are 
damaged. The maximum power supply for the Stelar system is 15 – 20 kW with the maximum 
current of 400 A. It allows to have a shortest switching rate of about 0.1 ms/MHz (at 10 
MHz). 
 
3.3.3 The Cooling System 
The cooling system plays an essential role in the FFC relaxometer especially for all 
difficulties associated with the magnet heating. The quality and scatter of the acquired data 
depends on the working temperature of the magnet since it is temperature dependent (section 
3.3.4). However, a minimum temperature limit is also important due to humidity of the 
cooling system. Therefore, a cooling system is important to maintain the magnet below its 
maximum limit. The FFC Stelar system contains two cooling circuits. The primary cooling 
circuit is directly used for the magnet. The circuit is a closed-cooling system of a special fluid 
named Galden (Perfluoroheptane, or Galden D80 from Ausimont). Galden is chemically inert, 
has low viscosity, and good thermal capacity. The secondary cooling circuit using water is for 
the heat exchange with the Galden. 
 
3.3.4 The Temperature Compensation of the Magnet 
When a strong current passes through the magnet during the experiment, the resulting heat 
produces a mechanical stress that shifts the magnetic field value during the current pulse. This 
effect is usually present as long as the current is applied to the magnet. It becomes more 
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important for high current and long pulses. The temperature compensation system added to 
the current controls the reference of the time dependent signal by sensing the temperature of 
the magnet. It is especially suitable when dealing with a long T1 relaxation time because of the 
long current pulses required.  
 
3.3.5 The Temperature Controller for the Sample 
The T1 relaxation time, generally, depends on the temperature of the sample. Therefore, it is 
important to be controlled. Besides, more information can be obtained by changing the 
temperature. The temperature controller for the sample used in the FFC Stelar system is a 
standard gas-flow system. It provides a temperature range of –100 oC upto +100 oC with a 
precision of 0.1 oC restricted by the probe. Dry air and nitrogen gas are used for high 
temperature and low temperature measurements, respectively.  
 
3.3.6 The NMR Console 
Generally, for the case of 1H frequency, it is not necessary to change the acquisition field. 
However, it should be easy to turn to the different magnetic field to avoid the interference 
from a local broadcaster. All rf units of the FFC Stelar system are operated in the broad band 
of 2 – 80 MHz which are also useful for the case of different nuclei. Particular acquisition 
fields were chosen due to their stability and reproducibility for specific nuclei. The software 
allows to program all details of the experiments including the number of pulses and to 
perform an automatic program for acquiring the data and to run the T1 relaxation dispersion 
profile.  
 
 
  
 
 
 
 
 
Chapter 4 
 
Field Cycling Relaxometry for the Study of 
Polymer Dynamics 
 
 
 
The T1 relaxation dispersion information obtained from field cycling relaxometry is currently 
used in basic and applied research in biochemistry and biology, medical diagnostics, and 
material sciences to obtain information about molecular dynamics. This technique is also used 
to study the chain dynamics in polymer melts and networks. Besides, it provides the 
information on the molecular order and inter-segment interactions. In this work, this technique 
was chosen for the investigation of the molecular dynamics of elastomers such as natural 
rubber, polybutadiene rubber etc. with and without additional chemical and physical 
constraints. Results are shown and discussed in the following chapters.  
In order to investigate the polymer dynamics by field cycling relaxometry, specific 
autocorrelation functions need to be predicted for describing the spin interactions in the 
systems. The relation of the T1 relaxation time as a function of frequency is thus obtained. It 
was found that a typical slowing down of the dynamics is observed when increasing the 
molecular weight. An important feature of these systems is that the molecular dynamics 
present a very different and clearly recognized behavior, which is manifested in the T1 
relaxation dispersion profile. In this chapter, the author concentrates on the use of field 
cycling relaxometry for the study of polymer dynamics. The theoretical and experimental 
aspects regarding field cycling relaxometry for polymer dynamics are summarized referring 
mainly to the work of R. Kimmich, N. Fatkullin, et al. [32, 44].  
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4.1 Correlation Functions for Dipolar and Quadrupolar 
Couplings 
 
In this work, T1 relaxation times measured by the field cycling relaxometry only refer to 
proton and deuteron magnetic resonance from like spins. The relaxation mechanism of 
protons 1H (spin 1/2) is based on fluctuations of the dipole-dipole coupling. Deuterons 2H 
(spin 1), in contrast, possess a finite electric quadrupole moment, which is subject to a 
quadrupole coupling to the local molecular electric field gradients. The spatial part of the 
dipolar as well as of the quadrupolar coupling Hamiltonians [42] can be described using 
second order spherical harmonics ),(,2 ϕϑmY with 2 1, 0, ±±=m  as 
[ ]1)(cos3
16
5)( 20,2 −= τϑπτY  , 
[ ])(exp)(cos)(sin
8
15)(1,2 τϕτϑτϑπτ iY −= ,     
[ )(2exp)(sin
32
15)( 22,2 τϕτϑπτ iY −= ] ,                                                                       (4.1) 
 where  and . The only terms in the interaction Hamiltonians 
relevant for T
)()( *1,21,2 ττ YY =− )()( *2,22,2 ττ YY =−
1 relaxation in the ‘like’ spin system in the laboratory frame are those for 
 selected by spin operator terms inducing single- and double-quantum 
transitions, respectively.  
2 and 1 ±±=m
The spherical harmonics ),(,2 ϕϑmY  are expressed in polar coordinates, that is the polar 
angle ϑ and the azimuthal angle ϕ. For the case of dipolar couplings, these coordinates define 
the orientation of the internuclear vector relative to the external magnetic flux density B0 
while those for the case of quadrupolar couplings define the orientation of the principal 
electric field gradient (i.e. of a molecular axis) again relative to B0. The latter usually 
anticipates rotationally symmetric electric field gradients.  
Molecular motions in the sense of reorientations of molecules or chemical groups lead 
to fluctuating polar coordinates, )(τϑϑ =  and )(τϕϕ = . Consequently, dipolar and 
quadrupolar Hamiltonians become time dependent, and hence, induce spin transitions as 
predicted by time dependent perturbation theory. With dipolar coupling, there is a third 
variable fluctuating as a result of molecular motion, namely the internuclear distance r = r(τ) 
of a two spins as the third polar coordinate. This is, however, only relevant with the inter-
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molecular or inter-group interactions while intra-molecular couplings (intra-group) can always 
be associated with a constant r.  In the frame of the Bloch/Wangsness/Redfield relaxation 
theory [42], the reduced autocorrelation functions (Eq. 2.16) are described for both dipolar 
and quadrupolar interactions as  
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mm
m ϕϑ
ϕϑϕϑ
τ τ
ττ−
=  (dipolar coupling),  
),(),()(~ ,200,2 ττ ϕϑϕϑτ mmm YYG −=  (quadrupolar coupling).                                      (4.2) 
The subscripts 0 and τ of the spatial variables indicate times at which they are taken into 
account. The expressions here are statistically stationary functions, so that only the time 
interval is concerned rather than the absolute time. The brackets stand for an ensemble 
average over all spin systems in the sample. The spectral density function is given as the 
Fourier transform of the reduced autocorrelation functions (Eq. 2.17), 
∫∫ ∞∞
∞−
− ==
0
d cos)(~2d)(~)( tGteGI m
i
mm ωτττω ωτ .                                                            (4.3) 
Note that the spectral density function defined in this way is independent of the subscript m 
for isotropic systems since which do not show an angular dependence, hence, only terms with 
m = 0 can arise. 
 
 
4.2 Different Time Scales for the Correlation Function 
 
Concerning the molecular weight Mw, polymers dynamics are divided into two different 
groups. The Rouse model is used to describe the dynamics of polymer chains when Mw < Mc. 
For the case of Mw > Mc, the renormalized Rouse formalism and the tube model are applied. 
The difference between these two is that the renormalized Rouse formalism considers other 
chains surrounding the ‘entangled’ chain to be movable and also entangled in contrast to the 
tube model. 
In terms of polymer dynamics, the shortest length scale used to describe the motion is 
the so-called Kuhn segment. The Kuhn segment length b is the minimum length between two 
points on a polymer that are essentially uncorrelated. The time τs is described as the 
reorientation time of the Kuhn segment. It is the time for the local motions occurring within 
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the Kuhn segment. The polymer dynamics, which are relevant for the NMR relaxometry, are 
divided into three components with different time scales, i.e. components A, B and C, as 
shown in Fig. 4.1. 
 
400 
 
 
 
 T [K] 
 
 
 
 
300 
105             104
Component B 
(Chain mode 
dynamics)
Component A 
(Segmental 
fluctuations) 
Component C 
(Center-of-mass 
diffusions)
ν [Hz] 102                                                109NMR relaxometry 
Mw
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Schematic representation of the temperature/frequency ‘window’ accessible by the 
field cycling relaxometer in combination with conventional high-field spectrometers [44]. 
 
4.2.1 Component A 
Component A represents restricted fluctuations occurring within the Kuhn segments that are 
on the time scale of up toτ ≈τs. These motions may be supplemented and superimposed by 
monomer side-group rotational diffusion if such mobile groups exist. All reorientations due to 
this component cover only a restricted solid angle range of the interdipolar vector (proton 
resonance) or the electric field gradient principle axis (deuteron resonance). The consequence 
of the restricted nature of reorientations by this component is that the dipolar or quadrupolar 
correlation functions do not decay to zero by these local and molecular weight independent 
motions (only when Mw > Mc). Therefore, the correlation function specified for component A 
is given as  
)()()( ∞+= AAA GgG ττ ,                                                                                              (4.4) 
where 0)( =>> sAg ττ  and  . const)( =∞AG
For the case of condensed polymer system . In this case, the 
orientation correlation function decays mostly within the component A. The other two 
components can therefore be referred to a small residual correlation where . 
The consequence of the strong decay in the component A means that the temperature 
23 10...10)0(/)( −−=∞ AA GG
const)( =∞AG
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minimum for the T1 relaxation time is predominantly determined by this component and 
indicates the value of τs via the ‘minimum condition’ 1≈sωτ . 
 
4.2.2 Component B 
Component B refers to the hydrodynamic chain-mode regime which is particularly interesting 
in the context of the chain dynamics models. The time scale for this component is between τs 
and the terminal chain relaxation time (τt). The chain modes in this regime are expected to be 
independent of the Mw and largely govern the T1 relaxation dispersion data obtained by field 
cycling relaxometry. 
 
4.2.3 Component C 
Component C is the cut-off process of component B and occurs corresponding to the time 
scale of τt. It is the time when all memory of the initial conformation gets lost. It is possible to 
be observed by NMR relaxometry in the form of the crossover to the ‘extreme-narrowing’ 
plateau [42]. It strongly depends on Mw. 
 
The normalized partial correlation functions GA(τ), GB(τ), and GC(τ) represent 
correlation function decays by components A, B, and C. These functions are interpreted as 
probabilities of fluctuations of the spin interactions which have not yet taken place at the time 
τ. Therefore, one permits to combine these three partial correlation functions in the total 
expression as  
)()()()( ττττ CBA GGGG = ,                                                                                          (4.5) 
assuming that they are independent of each other. Combining this equation with Eq. 4.4 and 
assuming the different time scale limits, which are 
,0)( ≈> sAg ττ  
1)0()( =≈≤ BsB GG ττ  
1)0()( =≈≤ CtC GG ττ ,                                                                                               (4.6) 
this leads to  
)()()()()( ττττ CBAA GGGgG ∞+= ,                                                                            (4.7) 
where  is a constant. Component C can be relevant for the T)(∞AG 1 relaxation time 
experiments only with Mw close to Mc. For higher Mw, the fluctuation rates due to component 
C tend to be beyond the lower end of the frequency of the field cycling window. In this case, 
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the approximation of 1)( ≈τCG  can be employed. Under such circumstances, that is for Mw > 
Mc and τs << τ << τt, Eq. 4.7 leads to )(const.)( ττ BGG = . 
So far, the FFC relaxometer is able to obtain the T1 relaxation dispersion profile with the 
frequency range of 103 – 108 MHz that covers almost all parts of the polymer dynamics, 
which are influenced by component B. That is, the correlation function corresponding to the 
experimental frequency window for the T1 relaxation dispersion may be identified with 
component B of the polymer melts. Therefore, NMR relaxometry is a suitable technique for 
investigating polymer dynamics in the most important regime.  
 
 
4.3 The Rouse Dynamics (Mw < Mc) 
 
The Rouse model considers the chain dynamics in terms of a bead-and-spring model as shown 
in Fig. 4.2. The beads represent the chain segments connected by springs with negligible 
mass. The chain is in a viscous medium without hydrodynamic backflow effects. The Rouse 
dynamics are used to apply for the case of Mw < Mc where the entanglement effects are not 
present. The relation of the T1 relaxation time to the Larmor frequency was predicted [33] as 
follows: 
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,                                                                  (4.8) 
where N is the number of Kuhn segments and τR is the Rouse relaxation time. Equation 4.8 
directly reflects Rouse chain modes (component B) which can be probed by field cycling 
relaxometry.  
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Figure 4.2: The Rouse model of chain dynamics, a bead-and-spring model where the beads 
represent the chain segments connected by springs with negligible mass. 
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Experimental studies for Rouse dynamics obtained from polymer melts with Mw < Mc 
have been reported in the literature [33 – 35]. It was found that the segmental reorientation 
time τs found from the T1 minima of the temperature dependence is in good agreement with 
that extrapolated from Eq. 4.8. The critical molecular weight Mc of the polymer melts is 
shifted to higher values by adding a solvent to the polymer melts [53]. Excluding the 
entanglement effects, the Rouse dynamics are perfectly corroborated by the NMR relaxometry 
experiments. 
 
 
4.4 The Dynamics for Entangled Polymers (Mw > Mc) 
 
Entangled polymers (Mw > Mc) are polymers for which the motion of molecular chains is 
restricted by topological constraints from neighboring chains. As mentioned before, there are 
essentially two models which are currently used to describe the dynamics of entangled 
polymers. The model developed by R. Kimmich, N. Fatkullin, et al. [44] to be described here 
is the so-called renormalized Rouse formalism suggested by K. S. Schweizer [6]. It is applied 
to study the dynamics for the case where τ > τs. It considers mainly the dynamics for 
component B which can be probed by field cycling relaxometry (Fig. 4.3). Besides, the 
segmental reorientation time τs can be obtained from the T1 minima which is the same as for 
the Rouse dynamics described in the last section. 
The power law dependences of the T1 relaxation time on the Larmor frequency were 
obtained [36] as   
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These power laws are in accordance with data for the frequency dependence of the spin-lattice 
relaxation time in the rotating frame T1ρ , in the frequency range accessible by conventional 
spectrometers. These power laws are not identical with those proposed by the Doi and 
Edwards limit of the mean square displacement of a chain segment within a tube constraint, 
<r2> ∝ tγ. However, the Doi/Edwards limit can be verified indeed if molecular chains are 
confined to artificial tubes prepared in a solid polymer matrix [4, 54].  
In fact, the theory which predicts the power laws given in Eq. 4.9 provides a perfect 
explanation of the dispersion profiles obtained in regions I and II, whereas region III is due to 
inter-segment dipolar interactions as has been proven by the comparison of proton and 
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deuteron experiments. By investigating proton and deuteron T1 relaxation dispersion profiles, 
the role of different spin interactions can be identified [39]. It was found that regions II and III 
could be distinguished by proton experiments which were influenced by dipolar inter- and 
intra-molecular interactions. Region III was not observed with deuteron experiments which 
identify quadrupolar intramolecular interactions. Therefore, the power law for region III is not 
considered as a limit specific for polymer dynamics but rather for an effect intrinsic to NMR 
relaxation by inter-segment dipolar interactions. 
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Figure 4.3: Schematic representation of the T1 relaxation dispersion profi
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According to the renormalized Rouse theories given in Refs [39, 44], the power laws for 
region II are describe as  
5.0...4.0
inter1 ω∝T                                                                                                             (4.11) 
and 
250
1
.
intra ω∝T  .                                                                                                             (4.12) 
Accordingly, regions I and II (Eq. 4.9) are dominated by intra-segment spin interactions. The 
difference between region II and III is observed for the proton relaxation and is explained by 
the dominance of the inter-segment contribution of Eq. 4.11. For the case of intramolecular 
interactions, there is no difference between them and the power law in Eq. 4.12 is observed. 
However, a slightly stronger T1 relaxation dispersion for region II obtained from deuteron 
experiments than that obtained from proton experiments for the case of polybutadiene melts 
was explained by the presence of inter-segment dipolar interactions before reaching the region 
III [39]. 
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Chapter 5 
 
Molecular Dynamics of Polyisoprene Melts: 
1H and 2H Relaxation Dispersions 
 
 
 
5.1 Introduction 
 
The molecular dynamics of polymer melts above a critical molecular weight (Mw > Mc) have 
successfully been described by power-law dependences of the T1 relaxation time on the 
Larmor frequency, T1(ω) ∝ ωγ. Three different regimes of power laws (Eq. 4.9) describing the 
relaxation dispersion for the chain mode dynamics of polymers are distinguishable and have 
been observed experimentally over a range of molecular weights and temperatures for several 
types of polymers, such as polydimethylsiloxane (PDMS), polyethyleneoxide (PEO), and 
polybutadiene (PB) melts [33 – 39]. For a polyisoprene melt (PI), it was found in this study 
that the proton T1 relaxation dispersion data have a much weaker frequency dependence in the 
region II than for other polymer melts. Intermolecular contributions or the influence of methyl 
groups might cause a reduction of the value of the exponent in this region. The latter notion is 
supported by the fact that the PB melt, with its similar structure except for the methyl group, 
showed the predicted behavior (γ ≈ 0.25). Therefore, the 1H and 2H relaxation dispersions of 
site-specificly deuterated and protonated PI melts were investigated and were compared to 
those obtained from undeuterated PI melt. The results are shown in this chapter.  
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5.2 Experimental 
 
5.2.1 Materials 
The PI and PB melts with three different weight-average molecular weights ( wM ) each, that 
have been used in this study were purchased from Polymer Standards Service, Mainz, 
Germany. The weight-average molecular weights wM , the number-average molecular 
weights nM , and the polydispersity of each sample are shown below in Table. 5.1.  
 
                 Table 5.1: wM , nM , and the polydispersity of the PI and PB samples. 
Sample wM  nM  Polydispersity
*
PI 56k 57 400 56 000 1.03 
PI 287k 293 000 287 000 1.02 
PI 709k 735 000 709 000 1.04 
PB 86k 87 000 86 000 1.01 
PB 308k 314 000 308 000 1.02 
PB 774k 817 000 774 000 1.05 
                  *Polydispersity = wM / nM  
 
Two partially deuterated polyisoprene samples used for the measurement of site-specific 
relaxation times were main-chain-deuterated PI (PI-d5h3) and methyl-deuterated PI (PI-d3h5) 
with nM  of 123000 and 108000, respectively [55]. Both have a polydispersity of 1.03. The 
measurements were compared to undeuterated PI 287k (PI-d0h8) with 95% of 1,4- and 5% of 
3,4- links. The partially deuterated PI samples were provided by the Institute of Solid-State 
Research at the research center, Jülich, Germany. For measuring T1 relaxation dispersions, 
each sample was filled into the glass tube with 10 mm outer diameter. All sample were 
evacuated at room temperature and were stored at 277 K between experiments. 
 
5.2.2 Measurements 
Relaxometry data were obtained on a commercial Stelar FFC relaxometer (Stelar s.r.l., Mede, 
Italy), which allowed the determination of T1 relaxation times in the 1H Larmor frequency 
range between 5 kHz and 20 MHz. The lowest detectable values of T1 of approximately 0.7 
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ms were limited by the shortest possible switching time between the Bp and Br fields and the 
Br and Baq fields of 1.3 ms each. All sample were measured over a temperature range of 223 to 
348 K. The temperature stability was ±0.1 K. All signals were acquired at the Larmor 
frequencies of 9.25 MHz and 3.07 MHz for 1H and 2H experiments, respectively. The samples 
were always polarized at a field corresponding to the 1H Larmor frequency of 10 MHz for all 
measurements. Decays were found to be monoexponential over more than one decade. The 1H 
relaxation times were reproducible within 1%. For 2H measurements, the error was typically 
2-3%. The measurement time used to obtain each dispersion curve depends primarily on the 
signal-to-noise ratio as well as on the relaxation time and, hence, the measured temperature of 
each sample. For the PI sample measured at 296 K, one complete 1H dispersion curve was 
typically obtained within 1 hour. 
Additional 1H T1 relaxation times for all samples measured with the inversion recovery 
sequence were recorded at 4.7 T with a Bruker DSX-200 spectrometer. The experiments were 
carried out at room temperature (296 K) only. 
 
 
5.3 Results and Discussion 
 
5.3.1 Comparison of T1 Relaxation Dispersions of PI and PB Melts 
Proton T1 relaxation dispersions at room temperature of PI samples with three different nM  
were investigated. The results are compared to those obtained from PB melts with three 
different nM  (Fig. 5.1). All samples were well above their respective critical molecular 
weights, Mc(PI) ≈ 10000 and Mc(PB) ≈ 6000 [44], which defines the crossover from classical 
Rouse dynamics to power-law relations of T1(ω) ∝ ωγ predicted by the renormalized Rouse 
theory [36]. The dispersion profiles obtained were found to be independent of the molecular 
weight, which is a characteristics of the power-law relations for the chain mode dynamics and 
predicted by theory.  
In the low frequency range, constant slopes with an exponent of γ ≈ 0.16 were found for 
PI melts. This value is visibly smaller than that found for PB samples (γ ≈ 0.24) which is in 
agreement with the power law relation given for region II (γ  = 0.25 ± 0.03) [36].  In fact, a 
value as low as that found for the PI samples has not been described before. However, from a 
comparison with the behavior of the PB samples and also for other polymers where similar 
values of approximately 0.25 were found [33 – 39], the observed T1 dependence for the PI 
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melts can only be attributed to region II. The absence of a molecular weight dependence is 
consistent with this assumption. The cause for the deviation of the particular value of the 
exponent for PI melts (region II) from those determined for several other polymer melts and 
from those predicted by the theory is uncertain. Two possible reasons that lead to a reduction 
of the strength of the frequency dependence in this region (γ ≈ 0.16 instead of γ ≈ 0.25) are the 
intermolecular contributions [39, 44] and the influence of methyl groups. The latter one is 
supported by the result obtained from PB melts, which have a molecular structure similar to 
that of PI but are lacking the methyl group. Both possibilities can be tested by partial 
deuteration of the PI chain; this allows the monitoring of the dynamics of individual 
molecular moieties as well as the elimination of possible intermolecular influences to the 
relaxation by measuring the 2H relaxation directly. To this end, 1H and 2H relaxation 
experiments were applied to site-specific deuterated and protonated PI samples.  
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Figure 5.1: Relaxation dispersions for PI and PB melts with different nM  measured at 296 K. 
 
In the high frequency range of Fig. 5.1, a more pronounced relaxation dispersion was 
observed for the PI samples. It is stronger than that described by the theory for the region I (γ  
= 0.50 ± 0.05). An indication of a similar effect is seen for PB melts. However, in both cases, 
the available data are insufficient to describe the correct frequency dependence. In order to 
better quantify this dependence, measurements taken out at different temperatures have to be 
combined. In this work, the construction of a master curve was proposed in analogy with 
classical investigations of polymers. In fact, NMR relaxation rates are proportional to the 
spectral density of reorientations which justifies the application of the time-temperature 
superposition principle, provided that the shape of this spectral density function does not 
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change with the temperature. As a consequence, by varying the temperature, a much broader 
range of time scales (or frequencies) can be accessed.  
 
5.3.2 Temperature Dependence of T1 Relaxation Dispersions 
The temperature dependence of the T1 relaxation dispersion for the PI 287k sample is shown 
for selected temperatures in Fig. 5.2a. By decreasing the temperature, T1 relaxation times at 
the low-frequency end of the accessible range were decreased and the crossover points 
between strong and weak dispersion regions were shifted to lower frequencies. However, the 
slopes of the dispersion in both the higher and lower frequency ranges remain unchanged.  
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Figure 5.2: a) Relaxation dispersions for PI sample (PI 287k) as a function of temperature. b) 
Temperature dependence of T1 minima at selected Larmor frequencies.  
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At higher frequencies, T1 relaxation times were found to increase again below a certain 
temperature (Fig. 5.2a). A plot of the temperature dependence of T1 relaxation times at 
selected Larmor frequencies reveals the occurrence of minima as shown in Fig. 5.2b. The T1 
minima observed for the PI melt indicate that the fast correlation decay due to the dynamics 
described for the component A, the segmental fluctuations ( 1≈sωτ ), is predominant and is 
observed within the accessible frequency range of the measurement. 
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Figure 5.3: A master curve for  for a PI sample (PI 287k) with individual temperature 
measurements shifted relative to a reference temperature of 296 K.  
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The time-temperature superposition principle, well-known from mechanical and 
dielectric relaxation measurements, was applied to obtain a master curve describing the 
molecular mobility over a wider frequency (or time) range compared to the one directly 
accessible by the experiment. In order to achieve this, the Williams-Landel-Ferry equation 
(WLF equation) can be employed 
)/()(log 0201 TTCTTCaT −+−−=   ,                                                                          (5.1) 
where aT is the shift factor relative to a reference temperature, T0. C1 and C2 are material 
dependent constants which have the approximate values of 17.4 and 51.6 K, respectively, for 
most polymers as long as the glass transition temperature Tg is considered as a reference 
temperature. However, the choice of several different sets of WLF parameters from the 
literature [56] did not lead to satisfactory results so that the shift factors were determined 
manually by bringing the data to an overlap. By this method, it was possible to determine shift 
factors to an accuracy of typically 5 – 10% in the low dispersion regime, whereas much larger 
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errors occurred for those temperatures exclusively covering the high-dispersion region. Figure 
5.3 shows the master curves obtained for PI 287k shifted relative to a reference temperature of 
296 K; the WLF parameters were C1 = (5.9 ± 0.6) and C2 = (192 ± 19) K, respectively. Axis 
parameters are renamed as '  and 1T 'ν  indicating that they do not correspond to directly 
measured quantities. 
The slope of γ ≈ 0.16 observed before at a single temperature can now be followed over 
about four orders of magnitude, with an indication of a slightly steeper dependence at the 
lowest reduced frequencies 'ν . From the extended range covered by the master curve, it now 
becomes obvious that at 'ν  above about 10 MHz, a frequency dependence with a value of the 
exponent suggested [36] for region I (γ ≈ 0.50) is not observed for PI melts. In order to 
identify both region I and region II predicted for the chain-mode dynamics (component B), the 
correlation time corresponding to a particular Larmor frequency ω=2πν, τ=ω-1, must be much 
longer than the segmental reorientation time ( sττ >> ) in the range of ω under investigation. 
In the case of PI melts, the presence of the T1 minimum within the accessible frequency 
window confirms that this requirement is not fulfilled. A strong dispersion (γ ≈ 1.23) is found 
instead of the relaxation dispersion with a value of the exponent indicative for region I (γ  = 
0.50 ± 0.05). In terms of molecular dynamics, it is a consequence of incomplete motional 
averaging within the Kuhn segment of the molecular chain at the onset of chain mode 
relaxation. It has been found also for other polymers of relatively low chain flexibility [35].  
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Figure 5.4: A master curve for  a PB sample (PB 774k) with individual temperature 
measurements shifted relative to a reference temperature of 296 K. The solid lines represent 
the fitting of dispersion curves. 
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A similarly strong dispersion at high frequencies as observed for PI melts was found 
also for PB melts. The master curve for PB 774k was again generated relative to the 
temperature of 296 K (Fig. 5.4). Just as in the case for PI, the T1 minimum can be observed at 
the highest measured Larmor frequencies. The slope of γ ≈ 1.10 found for PB, which is 
somewhat different from the value observed for PI, reflects the different local dynamics 
between the two polymers. 
One further difference between PI and PB is that for the latter, dispersion region III 
comes into reach of the experiment. The observed slope in this lowest-frequency range of γ ≈ 
0.42 is in agreement with values predicted by the Renormalized Rouse theory and 
experimental data reported in   [39].  
 
5.3.3 1H and 2H Relaxation Dispersions in Site-Specific Deuterated and 
Protonated PI Melts 
The value of the exponent for the dispersion in region II for polyisoprene melts (γ ≈ 0.16) was 
found to be considerably smaller than those for other polymer melts, among them the 
structurally similar polybutadiene. Possible reasons for this variance are the influence from 
inter-molecular interactions or a direct or indirect contribution of the methyl groups. In order 
to test these hypotheses, 1H and 2H relaxation dispersions were investigated for main-chain-
deuterated PI (PI-d5h3) and methyl-deuterated PI samples (PI-d3h5) and were compared to 
those obtained for an undeuterated PI-d0h8 sample (PI 287k in the previous sections).  
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Figure 5.5: 1H relaxation dispersions for main-chain-deuterated PI (PI-d5h3), methyl-
deuterated PI (PI-d3h5), and undeuterated PI (PI-d0h8) measured at 296 K. The values of the 
exponents (γ) for all samples shown here were fitted for region II.  
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Figure 5.5 compares the 1H relaxation dispersion of PI-d5h3, PI-d3h5, and PI-d0h8 
obtained at a temperature of 296 K. PI-d5h3 with protons at the methyl group provided T1 
relaxation times longer than PI-d3h5 which has protons at the backbone. The T1 relaxation 
times obtained from the fully protonated (PI-d0h8) sample were still shorter than those of the 
other two samples. This can be explained in terms of the number and average distance r of the 
proton dipolar couplings in each sample. Each proton possesses a 1/T1 which is given by the 
sum of interactions with all other nuclei, weighted by 1/r6 (Eq. 2.21). For instance, the 
backbone protons in PI-d3h5 give rise to a higher relaxation rate by their respective coupling, 
compared to the methyl protons in PI-d5h3. Coupling with nuclei other than protons is 
negligible in these cases. The proton relaxation times in PI-d5h3 directly reflect the motion of 
the chain-attached methyl group. In the other samples, PI-d3h5 and PI-d0h8, each proton site 
possesses its own relaxivity but because of spin-diffusion, an average value is measured. 
The correlation function G(τ) described above can generally be decomposed into a fast 
decaying fraction (GA(τ)), representing local motion, and a slowly decaying part (GB(τ)) 
(chapter 4). In polymer melts, the initial decay leaves a residual correlation between 10-3 and 
10-2 which is then subject to decay further by the processes leading to the power-law regions I, 
II, III mentioned earlier [35, 44]. Only the initial decay is determined by the chemical 
structure of the molecule, but its timescale is too fast to be directly detectable in our 
experiments. The consecutive slow decay, however, is expected to follow from segmental 
reorientations, therefore affecting all nuclei in the chain with the same reorientational 
spectrum. One would thus conclude that all protons, or at least the chain protons, share the 
same dispersion behaviour. 
By changing the temperature of the samples, the same tendency described above for 
undeuterated PI 287k denoted here as PI-d0h8 was found for both partially deuterated 
samples, PI-d5h3 and PI-d3h5. Master curves of these three samples were generated and are 
shown in Fig. 5.6. All dispersion curves were shifted manually relative to the temperature of 
296 K. The WLF parameters used for generating the master curves, and the values of 
exponents found for the dispersion curves in both the high and the low frequency ranges are 
given in Table 5.2. The error is estimated by the scatter between measurements at different 
temperatures. 
In the low-frequency region, three different values of the exponent γ = 0.150 ± 0.006 for 
PI-d5h3, γ = 0.130 ± 0.007 for PI-d3h5, and γ = 0.164 ± 0.008 for PI-d0h8, were found. It 
should be noted that despite the smallness of the effect, the difference between the two 
exponents for the partially deuterated samples is significantly above the fitting error. The 
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dispersion curve for PI-d0h8, containing contributions from the main-chain and the methyl 
group reorientational autocorrelation function, appears to have an even higher value of the 
exponent than the other two samples. Considering the assumption made above that all nuclei 
are expected to observe the same reorientational spectrum, one can conclude that the time-
dependence of the autocorrelation function, G(τ), might indeed not be the same for the three 
samples under consideration. Certainly, all three individual values are consistently smaller 
than the one predicted for region II (γ = 0.25 ± 0.03). It becomes obvious that a contribution 
of the relaxation rate from the methyl group itself cannot be the reason to cause the deviation 
for the dispersion of PI from the value of γ ≈ 0.25 observed with other polymers.  
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Figure 5.6: Master curves for 1H relaxation dispersions obtained from measurements between 
223 K and 348 K shifted relative to 296 K. 
 
Table 5.2: Dispersion exponents γ ( ) and WLF parameters (for temperatures T ≥ 
268 K and relative to T
γωω ∝)(1T
0 = 296 K) derived from T1 relaxation data for protonated and 
deuterated PI samples.  
 
Sample PI-d5h3 PI-d3h5 PI-d0h8 
γ (low frequency) 0.150 ± 0.006 0.130 ± 0.007 0.164 ± 0.008 
γ (high frequency) 1.30 ± 0.03 1.31 ± 0.05 1.23 ± 0.07 
C1 5.7 ± 0.6 5.6 ± 0.6 5.9 ± 0.6 
C2 [K] 216 ± 22 198 ± 22 192 ± 19 
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The master curves shown in Fig. 5.6 demonstrate that the frequency spectra of 
reorientations are very similar for all samples. The value of the exponent found from 1H 
relaxation dispersion for PI-d3h5 was the smallest value compared to those obtained for the 
other two samples, the values of which were very similar to each other. A corresponding 
result was found from the temperature dependence of T1 at frequencies where the minima 
become accessible (Fig. 5.7). The T1 minima obtained for PI-d5h3 and PI-d0h8 were close to 
each other and were slightly different from that obtained for PI-d3h5. Although the samples 
have not exactly the same nM , this should not play a significant role because all molecular 
weights are much higher than Mc [44]. Therefore, the difference found for the T1 minima can 
possibly be described in terms of a difference in segmental reorientation times. 
 In the high frequency region, within error limits, the dispersion data have the same 
power-law dependence with an exponent γ = 1.30 ± 0.05 for both PI-d5h3 and PI-d3h5. A 
similar behavior has already been observed for PI-d0h8 (γ = 1.23 ± 0.07). As described 
before, these strong dispersions are a consequence of incomplete motional averaging within 
the Kuhn segment which is confirmed by the presence of the T1 minima observed for all 
samples as shown in Fig. 5.7. An influence of the isotopic composition on the relaxation 
spectrum can thus be confirmed only for the low-frequency range of region II. 
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Figure 5.7: Temperature dependence of T1 as obtained for a 1H Larmor frequency of 4.38 
MHz for main-chain-deuterated PI (PI-d5h3), methyl-deuterated PI (PI-d3h5), and 
undeuterated PI (PI-d0h8). 
 
 The second possibility for the deviation of the exponent from its predicted value which 
has been mentioned above is the contribution from inter-molecular interactions to the 
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observed 1H relaxation. Here, the interaction of proton pairs from different segments on the 
same chain or on different chains is considered. In [35, 44] it has been described that because 
of the dominating mechanism of self-diffusion, this effect is expected to become important at 
low frequencies only.  
In order to achieve an unambiguous separation of the two contributions, intermolecular 
relaxation has to be completely excluded. By investigating the 2H relaxation, intramolecular 
dynamics are directly observed and the influence of the surrounding molecules is excluded. 
The experiments are limited firstly by the generally short relaxation times. In fact, the 2H 
relaxation of different 2H positions in the molecule is not averaged by spin diffusion and leads 
to form a multiexponential relaxation decay. However, in these experiments, the signal quality 
was insufficient for a reliable multiexponential fit for PI-d5h3. Only the 2H relaxation 
dispersion for PI-d3h5, which is monoexponential because the three methyl deuterons are 
chemically equivalent, could be obtained and is shown as a master curve in Fig. 5.8. The 2H 
dispersion can best be fit by a power-law with an exponent of γ = (0.13 ± 0.02) for region II, 
the exponent being similar to that found from the 1H relaxation dispersion of the same sample. 
This exponent must therefore describe the true reorientational process which governs both 
dipolar (1H) and quadrupolar (2H) relaxation in region II. Although a contribution of 
intermolecular interactions for protons cannot be ruled out, it must be negligible and definitely 
does not affect the frequency dependence of T1.  This is at variance with findings reported for 
deuterated polybutadiene and polyethylene oxide melts [35]. It must, however, be stated that 
the conclusions drawn from the 2H results obtained for polyisoprene are valid only for region 
II because the other two regions, I and III, could not be measured with sufficient accuracy to 
allow such a statement. 
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Figure 5.8: Master curve for 2H relaxation dispersions shifted relative to 296 K for methyl 
deuterated PI, PI-d3h5. 
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5.4 Conclusions 
 
The dispersion of longitudinal NMR relaxation times of PI melts was investigated over a wide 
range of frequencies and temperatures employing field cycling relaxometry, and WLF master 
curves were reconstructed to describe the dispersion over more than nine orders of magnitude.  
At high frequencies, relaxation dispersion is found to be characterized by a strong frequency 
dependence which can be approximated by a power-law T1(ω) ∝ ωγ with an exponent γ 
between 1.2 and 1.3. Motional averaging within the Kuhn segment is incomplete at times τ 
where one expects the transition to region I of segmental reorientational motion given by the 
Renormalized Rouse ansatz. Therefore, the dispersion specified by the power-law relations for 
region I (γ ≈ 0.5) within the chain mode dynamics is concealed. This finding is corroborated 
by the observation of the T1 minima ( 1≈sωτ ) in the experimentally accessible temperature 
and frequency range. The results found for polybutadiene melts qualitatively agree with this 
behavior. 
At low frequencies, the dispersion is assigned to region II of chain motions but is 
considerably weaker than that observed for other polymer melts reported in the literature. An 
exponent γ ≈ 0.16 was observed for polyisoprene melts which is significantly lower than the 
value predicted by the renormalized Rouse formalism γ ≈ 0.25.  
Site-specific 1H and 2H relaxation dispersions within region II obtained for selectively 
deuterated PI melts confirmed that dipolar (1H) as well as quadrupolar (2H) relaxation 
followed very similar dispersion relations with almost identical exponents, being considerably 
smaller than 0.25 for all samples. This rules out the possibility that intermolecular interactions 
can be made responsible for the weak frequency dependence since deuterons relax via 
intramolecular interactions exclusively.  
The relaxation contribution of methyl groups attached to the PI chains were also not the 
main reason for the deviation since the dispersion observed from proton main chains PI was 
still too small compared to the one predicted by the theory. Instead, an indirect influence of 
the presence of the methyl groups, for instance by their steric hindrance to molecular 
reorientations, can be assumed to affect the chain dynamics because the autocorrelation 
function G(τ) is proven to be different from that of polybutadiene melts which have a similar 
molecular structure but are lacking the methyl group.  
Molecular dynamics of simple polymer melts, i.e. linear chains with small sidegroups, 
have hitherto been uniformly described by an abstract Kuhn chain model that neglects 
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chemical structure, particular interactions, and long-scale correlations between different 
segments. These models predict molecular dynamics which should be common to all polymer 
melts, and in particular should give rise to a comparable NMR relaxation behavior. 
Polyisoprene appears to be the first case where a significant deviation from such an “average” 
reorientational motion spectrum is found. The small but identifiable qualitative differences 
between relaxation dispersions of nuclei at particular positions on the chain, or alternatively 
for samples of different degrees of deuteration, even give a hint that isotopic effects can play a 
role. A more detailed modeling of the molecular motion, taking into account local structural 
features and density correlation functions, can be a promising approach to refine the 
understanding of polymer melt dynamics over a wide range of frequencies, and will benefit 
from more advanced, multinuclear studies of NMR relaxation properties. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
Chapter 6 
 
Molecular Dynamics in Elastomers:   
Influences of Cross-Link Density and Fillers  
 
 
 
6.1 Introduction 
 
A wide range of NMR techniques has successfully been applied to the investigation of 
elastomers. Measurements of the transverse and longitudinal relaxation times [20 – 25] as a 
function of cross-link density and curing efficiency, of addition of filler particles and their 
distribution, and of aging are focused on the dynamics aspects of the molecular motions. 
Frequently, elastomers are regarded as the equivalent of ‘soft-solid’ materials. At the same 
time, it is possible to consider elastomers as polymer melts with fixed-chemical constraints 
being present in addition to the mobility of physical entanglements, which are important for 
polymer dynamics with Mw > Mc. Therefore, all methods which are traditionally used for the 
investigation of molecular dynamics of polymer melts can also be applied to elastomers.  
The presence of fixed cross-links must affect the mobility of the individual polymer 
chains. It is one of the purposes in this work to investigate how this influence can be 
quantified and whether it can be used as a means of characterizing samples with unknown 
material properties. The effect of fluctuating cross-links in a thermoreversible polybutadiene 
network was discussed by Kimmich, et al. [38], while only a minor influence on T1 relaxation 
times at very high cross-link densities was found for the very flexible PDMS polymer [35].   
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A systematic study on permanently cross-linked elastomers using field cycling relaxometry 
has not been presented in the literature. In this study, the influence of cross-link density on the 
relaxation dispersions of natural rubber (NR), polybutadiene rubber (BR), and PDMS rubber 
was investigated. The results were compared to those obtained for PI and PB melts described 
in the previous chapter, and to PDMS melts presented in the literature [34], respectively. 
Another purpose of this work is to investigate the influence of filler content present in 
elastomers. An addition of finely dispersed filler particles can drastically alter the 
macroscopic properties of elastomers. On a microscopic level, the transverse relaxation time 
is a suitable parameter to distinguish segmental chains which are directly linked to the 
immobile particles from those which are not in contact with the latter [57, 58]. In this work, 
the influence of filler content on the dispersions of the longitudinal relaxation time of NR and 
BR samples was investigated.  
 
 
6.2 Experimental 
 
All NR and BR samples were provided by Dunlop GmbH, Hanau, Germany. Each sample 
was vulcanized into a sheet of 2 mm thickness. The details describing the compounds used to 
prepare NR and BR samples including the time used for vulcanizing each sample to the 
maximum degree of cross-link density are shown in Tables 6.1 and 6.2, respectively. TBBS 
(N-Tertiarybutyl-2-benzothiazole sulfenamide: C11H14N2S2) was used as an accelerator for the 
vulcanization processes of all samples. Filled NR samples were produced based on NR1/1 and 
filled with 20 and 50 phr of carbon black type N220 (particle size ≈ 22 nm). For the case of 
filled BR samples, they were prepared based on BR1/1 and filled with 10 and 30 phr of 
carbon black type N660 (particle size ≈ 66 nm), respectively. A PDMS rubber sample used in 
this study is a biomedical grade silicone sheeting from Specialty Manufacturing, Inc. MI, 
USA. It is a non-reinforced vulcanized (Matt/Matt) silicone sheeting. 
The conditions for relaxation experiments carried out in this study were the same as 
those used for the investigation of PI and PB melts (section 5.1.2). All samples were measured 
over a temperature range of 223 to 348 K. For measuring T1 relaxation dispersions, each 
sample was cut into small stripes of 2 – 3 mm wide and 20 – 25 mm long, several of which 
were filled into a glass tube with 10 mm outer diameter. 
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Table 6.1: Formulations of NR samples (in phr: part per hundred). 
 NR1/1 NR2/2 NR3/3 NR4/4 NR5/5 NR6/6 NR7/7 
NR (SMR10) 100 100 100 100 100 100 100 
ZnO RS 3 3 3 3 3 3 3 
Stearic acid 2 2 2 2 2 2 2 
TBBS 1 2 3 4 5 6 7 
Sulfur 1 2 3 4 5 6 7 
Curing time [min] 16.5 14 12 8.5 7.5 6.5 6 
 
Table 6.2: Formulations of BR samples (in phr). 
 BR1/1 BR2/2 BR3/3 BR4/4 
cis-BR (CB25) 100 100 100 100 
ZnO 3000 3 3 3 3 
Stearic acid 2 2 2 2 
TBBS 1 2 3 4 
Sulfur 1 2 3 4 
Curing time [min] 57 40 34 30 
 
 
 
6.3 Results and Discussion 
 
6.3.1 Influence of Cross-Link Density 
The dispersion curves obtained for the NR samples at room temperature are shown in Fig. 6.1. 
The most prominent feature is the power-law relation in the frequency range specified for 
region II (T1(ω) ∝ ωγ with γ ≈ 0.16) found for all cross-link densities, being identical to the 
one obtained for PI melts. This indicates that the segmental reorientation spectrum is not 
changed by the cross-linking. The absolute values of the T1 relaxation times at low 
frequencies, however, decrease as increasing the cross-link density.  The same behavior has 
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been reported for T1ρ in a narrower frequency range [57]. For comparison, the values reported 
by this reference, which were determined at 298 K, are included in Fig. 6.1. They are 2.7 ± 0.3 
times higher than the corresponding T1 values which is in good agreement with theoretical 
expectations (Eqs. 2.21 and 2.23) considering the variability in sample preparation. In 
particular, the data for T1ρ follow the power-law relation of  with the same value 
of the exponent found for T
γ
ρ ωω 11 )( ∝T
1 dispersions (γ ≈ 0.16). 
In the upper frequency range, the slope increases with the crossover point being shifted 
to lower frequencies at higher cross-link densities. Finally, the dispersion curves appear to 
overlap at about 10 MHz and higher cross-link densities correspond to longer T1 relaxation 
times above this frequency. This indicates that the whole dispersion spectrum might be shifted 
as a function of cross-link density.  
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Figure 6.1: Relaxation dispersion measured at 296 K for natural rubber samples with 
sulfur/accelerator content of 1/1 to 7/7 phr denoted as NR1/1 to NR5/5. The relaxation times 
in the rotating frame, T1ρ, for 1/1 to 5/5 at 298 K are taken from reference [57]. 
 
The same behavior as observed for the NR samples was found also for the BR and the 
PDMS rubber samples as shown in Fig. 6.2. For the BR samples, the dispersion follows a 
power-law with an exponent γ ≈ 0.24 for at least two orders of magnitude, remaining 
unchanged compared to the slope obtained for PB melts (Fig. 5.1) while the absolute values of 
the T1 relaxation times are decreasing as the cross-link density increases (Fig. 6.2a). With 
reference to the dispersion curves reported for PDMS melts [34], the value of the exponent 
specified for region II obtained for PDMS rubber (γ ≈ 0.23) with cross-links is almost 
identical to those obtained for the melts (γ  ≈ 0.25) as shown in Fig. 6.2b.  
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a)                                                                      b)  
Figure 6.2: Relaxation dispersion measured at 296 K: a) for BR samples with 
sulfur/accelerator content of 1/1 to 4/4 phr denoted as BR1/1 to BR4/4 with an exponent γ ≈ 
0.24, and b) for a PDMS rubber sample with an exponent of γ  ≈ 0.23. 
 
In the low frequency range for BR rubber samples (Fig. 6.2a), a more pronounced 
dispersion region with a weak dependence on the cross-link density is found. In comparison 
with the result obtained for PB melts (Fig. 5.4), such a strong dispersion indicates that region 
III is also found for BR1/1. For increasing cross-link density, the crossover point between 
regions II and III is shifted to lower frequencies. As has been observed for the NR samples, 
one can expected that the whole dispersion spectrum might be shifted as a function of the 
cross-link density. By extending the measurement at different temperatures, one obtains a 
much wider frequency range which is will be described later. 
The results obtained for the NR, BR, and PDMS rubber samples show that by reducing 
the molecular degrees of freedom of the chains by introducing cross-links between different 
segments affects only the timescale of motion but leaves the reorientational dynamics 
virtually unchanged. The reason is that cross-links formed by the vulcanization process 
contain a variable number of sulfur atoms at each cross-linked point, so that they might not 
represent perfectly immobilized anchor points. 
 
6.3.2 Temperature Dependence of Relaxation Dispersion 
Figure 6.3 shows the temperature dependence of the relaxation dispersion obtained for NR 
samples with the lowest and the highest cross-link densities for comparison (NR1/1 and 
NR7/7). By decreasing the temperature, the crossover points between weak and strong 
dispersions are shifted toward smaller frequencies. However, the dispersions in the low 
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frequency range remain unchanged (γ ≈ 0.16). The lower limit of the measurable T1 relaxation 
time of slightly below 1 ms is partially reached, therefore, results become noisier for some 
datasets. The high frequency range follows an approximate dependence of T1(ω) ∝ ωγ with     
γ  ≈ 1.2 which is again not affected by the cross-link density.  
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Figure 6.3: Relaxation dispersions measured as a function of temperature for natural rubber 
samples: a) NR1/1 and b) NR7/7. 
 
In cases where the expected range of region I is situated near the frequency where the T1 
minima occurs, region I is often concealed. The same reason described before for the PI melts 
(chapter 5) can be used to explain this for NR. An overlap of the time scales of reorientations 
within the Kuhn segments and translations of the Kuhn segments themselves (component A) 
exists while region I involved in the component B (Eq. 4.7) requires that all possible 
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orientations within the Kuhn segment are pre-averaged before motions on larger scales occur. 
The value γ ≈ 1.2 must therefore be regarded as an empirical parameter which, however, 
describes the data with reasonable accuracy. 
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Figure 6.4: Temperature dependence of T1 relaxation times at selected 1H Larmor frequencies 
for natural rubber samples with different cross-link densities. 
 
The T1 minimum of NR can be identified from the data obtained at higher frequencies, 
particularly for higher cross-link densities. Figure 6.4 shows the temperature dependence of 
the T1 relaxation times at selected 1H Larmor frequencies (20 and 3.5 MHz) for natural rubber 
samples with four different cross-link densities. Increasing the cross-link density from NR1/1 
to NR7/7 corresponds to a shift of the temperature minimum of about 15 K while NR 1/1 
shows almost identical behavior to PI melts (Fig. 5.2b). The result observed from the T1 
minima of the NR samples here confirms that the presence of cross-links affects the time scale 
of motion in elastomers. 
From the measurements at different temperatures, master curves for NR samples were 
generated (see discussion in chapter 5). Figure 6.5a shows the master curves for NR 1/1 and 
NR7/7 where dispersion curves were shifted manually relative to the temperature of 296 K. 
The axis parameters are renamed as  and '1T 'ν  indicating that they do not correspond to 
directly measured quantities. Similar to PI melts, a clear distinction between the weak and the 
strong dispersion regimes can be identified for NR samples. The relaxation dispersion regime 
indicated as region III predicted by the theory is not found within the accessible frequency 
range. Dispersion curves with both exponents, γ ≈ 0.16 for region II and γ ≈ 1.2 for strong 
dispersion in the high frequency region, were the same for all different cross-link densities.  
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Figure 6.5: a) Master curves for relaxation dispersions of Fig. 6.2 (for NR1/1 and NR7/7) 
shifted relative to 296 K and b) employing a further shift of 15 K for NR7/7. 
 
The shift of the temperature minimum, generally, corresponds to the shift of glass 
transition temperature Tg as a function of the cross-link density. By taking this into 
consideration, one can also shift the master curves of each cross-link density relative to a 
reference. Employing a further shift of 15 K to the data of NR7/7, the master curve of NR7/7 
perfectly overlaps with that of NR1/1 as shown in Fig. 6.5b. It is confirmed that cross-linking 
introduced in elastomers does not change the shape of the segmental reorientation spectrum. 
The same characteristic temperature dependence on cross-link density found for NR 
samples was also observed for BR samples. In addition, the T1 minimum was observed as a 
function of the cross-link density within the experimentally accessible frequency range. From 
this information, a master curve for BR1/1 was generated relative to a reference temperature 
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of 296 K as shown in Fig. 6.6. A similarly strong dispersion at high frequencies as observed 
for NR rubber was found also for BR rubber. In fact, this master curve corresponds to that 
obtained for PB melts for all three dispersion regimes. It is confirmed that by introducing 
cross-links into the rubber, only the time scale of motion is affected but the shape of the 
reorientational spectrum is left unchanged.  
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Figure 6.6: A master curve for relaxation dispersions for BR1/1 with individual temperature 
measurements shifted relative to a reference temperature of 296 K. 
 
6.3.3 Influence of Filler Particles 
Figure 6.7 presents the dependence of relaxation times on the content of carbon black (N220) 
as filler particles for NR1/1 measured at different temperatures. It is noted that, at room 
temperature, the dispersion curves specified as region II for NR1/1 are independent on the 
filler contents. By increasing the temperature, the mobility of the chain segments is increased, 
and thus the segments more strongly experience additional constraints induced by the filler 
particles. However, despite a high weight fraction of the filler (50 phr), a reduction of the T1 
relaxation time of only about 12% is found at lower frequencies, suggesting that the chain 
mobility is only weakly affected. From such a small reduction, a very minor change of the 
dispersion is found for NR with filler content and the datasets obtained in this study are not 
sufficient to provide a value of the exponent accurate enough to confirm this difference.  
Indistinguishable slopes of the dispersion in region II as observed in the case of NR are 
found also for the filled BR samples as shown in Fig. 6.8. Compared to the master curve of 
the BR1/1 sample in Fig. 6.6, a slightly stronger frequency dependence for the dispersion of 
region III is observed for the filled BR. At a temperature of 333 K, the value of the exponent 
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for region III increases up to γ ≈ 0.50 for the BR samples with 10 and 30 phr fillers, and a 
reduction of about 23% of the T1 relaxation time is found at the lowest accessible frequency 
relative to the unfilled rubber. However, the datasets obtained in this study are not sufficient 
to provide a value of the exponent accurate enough to confirm the difference of these two 
filler contents. 
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Figure 6.7: Relaxation dispersions at different temperatures for NR1/1 without filler and filled 
with 20 and 50 phr of carbon black 
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Figure 6.8: Relaxation dispersions at different temperatures for BR1/1 without filler and filled 
with 10 and 30 phr of carbon black. Note the difference in slope of region III of the dispersion 
curves.  
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It has been described before how the presence of filler particles affects the dynamics of 
chain segments in the vicinity of the filler particles, but the remaining components are only 
weakly affected [57, 58]. This is confirmed by relaxometry results of both, NR and BR 
samples with fillers. The absence of a noticeable change in the slope of the dispersion curves 
for region II of both rubber samples corresponds to segmental reorientational motions of 
semi-local nature which is not affected by the presence of large and individual obstacles. This 
is different from a presence of cross-links, which represent a more efficient constraint due to 
the uniform distribution of partially immobilized points. The dispersion curves of region III 
found in BR samples, on the other hand, show some influence from the filler. Chain motions 
of larger amplitude, in this case referring to those chain segments which are far from the filler 
particles, are expected also to be affected by the presence of the filler particles which are 
distributed at distances of the order of 100 nm. However, these motions naturally occur at the 
low-frequency side of molecular dynamics. If they could be observed, the effect must be most 
pronounces at low frequencies in the relaxation dispersion. Indeed, the increased frequency 
dependence found for BR samples with filler particles in region III seems to confirm that the 
spectrum of molecular reorientations in fact can be affected by the presence of fillers.  
 
 
6.4 Conclusions 
 
Molecular dynamics of cross-linked NR, BR, and PDMS rubber samples, as obtained from the 
analysis of proton relaxometry data, were shown to possess the same phenomenological 
reorientational spectrum as in corresponding PI, PB, and PDMS melts within the accessible 
frequency range. Reducing the molecular degrees of freedom of the chains by introducing 
cross-links between different chains merely leads to a slowing down of the whole time scale 
of motions but leaves the statistics of the reorientational dynamics virtually unchanged. The 
systematic dependence of the absolute values of the T1 relaxation time on the cross-link 
density obtained by field cycling relaxometry, particularly at low frequencies, can be used as 
an alternative method for a characterization of elastomers.  
The addition of filler particles to the elastomeric network reduces the relaxation times 
particularly at low frequencies, but this effect is minor compared to the influence of the cross-
link density. One could conclude that the filler particles are large clusters of matter, which 
only affect a small skin layer of molecules around them. Contrarily, chemical cross-links are 
distributed more homogeneously and affect the motion of all segments. As has been 
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mentioned in the literature, the T2 relaxation time is able to distinguish the mobility of the 
chain fraction near the filler particles from that not being in direct contact with it. Therefore, it 
is a more suitable parameter than T1 relaxation dispersion for the investigation of filler 
content. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
Chapter 7 
 
Molecular Dynamics of Elastomers under 
Deformation  
 
 
 
7.1 Introduction 
 
The term elastomer is generally used to describe a polymer above the glass transition 
temperature that can be stretched and return back into its original shape without permanent 
deformation. Moreover, this characteristic can be improved by introducing cross-links, which 
form the links between different positions of molecular chains. Under deformation, the 
molecular chains are forced to align in the direction of which the elastomers are being 
deformed, and at the same time the molecular mobility is changed.  
The generation of crystals due to macroscopic deformation of elastomers, with the 
preferential alignment of the molecular chains along the axis of deformation, is called stress-
induced crystallization. This alignment can be rather weakly pronounced, in particular if a 
small number of chain segments is situated between the cross-linked points. For cross-linked 
NR, a few percent of crystallinity were obtained by X-ray diffractometry under stretching to  
λ ≈ 3.3 and above [59 – 60]. Those molecular chains not incorporated in the crystalline phase 
were shown to possess random orientation (up to 75% of mass) even at an elongation ratio of 
up to λ ≈ 6, i.e. they remain amorphous [59 – 62]. These chains are surrounded by highly 
oriented chains or induced crystals connected through network bridges. 
62  Sobiroh Kariyo 
 
Several NMR techniques were applied in recent years to investigate a change in the 
order parameters [63 – 65]. At the same time, transverse relaxation times were found to be 
reduced under stretching [66] and compression [67]. This, however, gives no insight into the 
mechanisms of relaxation processes which relate to molecular dynamics on different time 
scales. For instance, one might predict a shift of the frequency spectrum or individual 
crossover times due to deformation. Therefore, in this work, field cycling relaxometry was 
applied to study the influence of uniaxial deformation on the molecular mobility of NR, BR, 
and PDMS rubber samples. The aim of this study focuses on the influence of the deformation 
on the relaxation dispersions of rubber samples.  
 
 
7.2 Experimental 
 
For the deformation study, NR1/1, BR1/1, and PDMS rubber samples with the lowest cross-
link densities were used as they allowed the highest values of the elongation ratio, λ. For the 
particular case of the BR1/1 sample without filler particles, a sufficiently large elongation 
ratio could not be maintained for the time required to complete the whole measurement. 
Therefore, a sample of BR1/1 rubber with 30 phr filler content (carbon black N660) was used. 
Details describing the compounds used for the preparation of the NR and BR samples and a 
commercial PDMS rubber sample are mentioned before in chapter 6.  
 
 
 
 
 
 
         a)                  b)                  c) 
θ        0°              ≈ 72°             ≈ 78° 
λ     ≈ 4               ≈ 4                 ≈ 7 
 
 
 
Figure 7.1: A single band of approximately 3 – 4 mm of NR1/1 sample was prepared and a) 
the rubber band was stretched in a U-shape about a hard plastic plate, b) and c) each rubber 
band was wound tightly around an epoxy resin rod with λ of 4 and 7, respectively. Notations 
θ and λ represent the elongation angle with respect to B0 and the elongation ratio, 
respectively. 
Molecular Dynamics of Elastomers under Deformation 63 
For the stretching experiments, a single band of each rubber sample of approximately    
3 – 4 mm width and 2 mm thickness was prepared and was either stretched in a U-shape about 
a hard plastic plate or wound tightly around an epoxy resin rod. The orientations of the 
stretching directions relative to the direction of the external magnetic field B0, were parallel to 
the B0 (U-shape) and almost perpendicular to the B0 (winding around the epoxy rod). Both 
spacer materials did not contribute to the acquired NMR signal because of their short 
relaxation times. Figure 7.1 shows the preparation of the stretched NR1/1 samples. The 
maximum elongation ratios of the samples NR1/1, BR1/1 with fillers, and the PDMS rubber 
sample, which could be obtained in this study, were λ ≈ 7, λ ≈ 3.5, and λ ≈ 2, respectively. 
For compression experiments, only an NR1/1 sample was used. The sample was cut into small 
pieces of about 3 x 3 mm diameters and 2 mm thickness which were placed between Teflon 
disks fitting inside a glass tube and then were squeezed with a hard plastic screw. The 
direction of compression was parallel to B0, and an elongation ratio of λ ≈ 0.3 was achieved. 
The conditions for the relaxation experiments carried out in this study were the same as 
for the investigation of the PI and PB melts (section 5.1.2). All samples were measured over a 
wide range of temperatures.  
 
 
7.3 Results and Discussion 
 
Deformation induces order on the molecular level, which has found to generate anisotropy in 
the NMR spectral features [66]. Therefore, one can expect that the relaxation itself becomes 
angle dependent. This has been demonstrated for transverse relaxation times T2 for stretching 
[66] and compression [67]. In the literature, a dependence of T2 on the second Legendre 
polynomial P2(cosθ) is reported, where θ is the angle between the deformation axis and B0. 
However, from the results in this study, clear evidence of an angular dependence of the T1 
relaxation dispersion was not found which was mostly due to the limited available space in 
the relaxometer probe that prevented the arbitrary orientation of a deformed sample. 
The results obtained by field cycling relaxometry for NR1/1 samples with elongation 
ratios λ > 1 (stretching) and λ < 1 (compression) are shown in Fig. 7.2. Irrespective of the 
direction of deformation, higher elongation ratios were found to reduce T1 relaxation times at 
low frequencies, while they remained almost unchanged at high frequencies. In other words, a 
stronger dispersion was observed under deformation. The results show that the point of 
divergence is shifted to higher frequencies as temperatures are increased, making the 
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difference more easily observable at low frequencies. The maximum value of the exponent,    
γ ≈ 0.24 for the dispersion curve specified as region II was found for the stretched NR1/1 
sample with λ ≈ 7 (Fig. 7.2a). This compares to a value of γ ≈ 0.16 for NR in the undeformed 
state. Similarly, although less pronounced, a stronger frequency dependence of T1 was also 
found for NR1/1 compressed in the direction of B0 with λ ≈ 0.3 (Fig. 7.2b). 
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Figure 7.2: Relaxation dispersions measured at different temperatures, a) for stretched NR1/1 
samples with different stretching ratios (λ) in the direction parallel or almost perpendicular to 
B0, and b) for a compressed NR1/1 sample with the compression axis parallel to B0.  
 
The same behavior observed in NR under deformation was found also for the PDMS 
rubber sample. Figure 7.3 shows the dispersion curves obtained for the PDMS rubber samples 
with and without deformation. Again, they mostly fall within region II. The value of the 
exponent in this region is increased from γ ≈ 0.23 to γ ≈ 0.27 for the stretched sample with     
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λ ≈ 2. It is common to both samples that within the accessible range of measurements, only 
the dispersion for region II was covered in a sufficiently broad frequency range. 
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Figure 7.3: Relaxation dispersions measured at different temperatures for PDMS rubber under 
uniaxial stretching with λ ≈ 2 in the direction parallel to B0. 
 
The considerable change of the slopes in the T1 relaxation dispersion curves of region II 
observed for NR and PDMS rubber samples under deformation is due to a real change in the 
spectrum of the segmental reorientations. The contributions of the crystalline phase to the 
relaxation can be ruled out as discussed in the following. Under deformation, strain-induced 
crystallization has been observed by X-ray diffraction studies for NR at deformations starting 
from λ ≈ 3.3 carried out at room temperature [59, 60]. In this study, there was no direct 
contribution from the crystalline phase of the rubber samples to the NMR signal because of 
their short T2 relaxation times. This is confirmed by the absence of any additional contribution 
of the FID within the dead time of the spectrometer receiver. Besides, the relaxation times 
remained monoexponential. In principle, the influence of spin-diffusion cannot be excluded. 
In this case, one might encounter an indirect contribution from the crystalline phase. 
However, at high temperature, the effect should become smaller because the percentage of 
crystallinity is decreased as increasing the temperature close to the melting point (Tm = 90 °C 
for λ = 6) [61], while the results of this study reveal an even stronger effect at high 
temperatures. Moreover, from the X-ray diffraction study, the majority of chains in the NR 
sample (up to 75% of mass) in the condition of stress-induced crystallization remains in the 
amorphous phase even at a large deformation [60]. From 13C NMR experiments, it has been 
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concluded that the chain mobility begins to be reduced above a stretching ratio of λ ≈ 1.3 
while a crystalline phase was not yet observed [68]. Accordingly, the crystalline phases did 
not directly contribute to the relaxation dispersions obtained for the rubber samples in this 
study. However, the presence of crystalline phases acts as additionally fixing points which 
leads to reduce the mobility and the degree of freedom of the chain segments.   
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Figure 7.4: Master curves for  for NR1/1 and BR1/1 samples generated from individual 
temperature measurements shifted relative to a reference temperature of 296 K. Region III    
(γ ≈ 0.42) is found only for the BR1/1 rubber sample within the accessible measurement 
windows.  
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Another possibility why the relaxation dispersion is influenced by deformation can be a 
shift of the relative weights of intra- and inter-molecular interactions which can, in principle, 
possess their own frequency dependence [39]. The variations of interchain inter-nuclear 
vectors are very slow because they are a consequence of displacements of the dipole hosting 
segments by self-diffusion relative to each other. Therefore, if inter-molecular interactions are 
affected by the deformation, more pronounced effects are expected at very low frequencies. 
While inter-molecular interactions contain not only contributions from different segments of 
the same chain but also from segments of different chains, the latter might be much more 
strongly affected by the deformation due to the alignments of the chains, and is expected to be 
reflected in the relaxation dispersion at much lower frequencies. Therefore, the measurements 
on deformed BR samples were carried out because they provided also information about the 
relaxation dispersion predicted as region III which could not be observed for either NR     
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(Fig. 7.2) or PDMS samples (Fig. 7.3). Figure 7.4 shows the master curves of the BR and NR 
samples; indeed, only for BR, region III becomes observable within the accessible frequency 
window. Without filler particles, the BR sample could not be held in the stretched state for the 
whole duration of the measurements. Therefore, BR1/1 was used with 30 phr filler. The 
results obtained from BR1/1 with and without filler contents were almost the same apart from 
a change in the dispersions of region III from γ ≈ 0.42 to γ ≈ 0.50 as has been described before 
(section 6.3.3). However, it is still justified to use the filled samples for the purpose of 
investigation whether or not the crossover point between regions II and III is affected by the 
deformation due to the change of the time scale of motion.  
The temperature dependence of the T1 relaxation dispersion for BR1/1 with 30 phr 
filler at λ ≈ 3.5 is shown in Fig. 7.5 for selected temperatures in comparison to the unstretched 
state. As a feature common to the results obtained for the BR sample measured at low 
temperatures, T < 263 K (Fig. 7.5), as well as for the NR sample measured at 296 K (Fig. 
7.2a), in the frequency range above the crossover points of region II of both samples, the T1 
relaxation times were found to increase under deformation. At high temperatures (T > 296 K) 
and in the low frequency range, the T1 relaxation times were found to decrease after the 
deformation. The same results were found and have been described before for NR and PDMS 
rubber samples under deformation. At 333 K, an even larger difference in T1 at low 
frequencies corresponding to region III is clearly observed.  
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Figure 7.5: Relaxation dispersions at different temperatures for the BR1/1 sample filled with 
30 phr of carbon black under uniaxial deformation with λ ≈ 3.5 compared to the unstretched 
sample.  
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Figure 7.6: a) Master curves for  generated from individual temperature measurements 
shifted relative to a reference temperature of 296 K for unstretched and stretched (λ ≈ 3.5) 
BR1/1 samples filled with 30 phr carbon black. b) Magnification of the master curves of a) at 
low frequencies. 
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Combining all dispersion curves from individual measurements at different 
temperatures, master curves of both BR samples with and without deformation were generated 
relative to a reference temperature of 296K as shown in Fig. 7.6a. For BR under deformation 
with λ ≈ 3.5, the values of the exponent of region II and III were found to increase from γ ≈ 
0.24 to γ ≈ 0.28 and from γ ≈ 0.50 to γ ≈ 0.54, respectively. The transition points between 
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regions II and III were shifted to higher frequencies or faster motions (Fig. 7.6b) which can be 
explained as follows. For short length scales, chains can move freely and are not affected by 
the neighbors. On the other hand, for large length scales, they begin to be restricted in 
mobility by their neighboring chains. When they are stretched, the local environment of each 
chain is changed. The amplitude of motion required to interact with its neighbors becomes 
smaller. Therefore, the transition point between regions II and III shifts to shorter motional 
amplitudes, i.e. shorter times and, therefore, higher frequencies, which is confirmed by the 
experimental data. From this study, a clear difference between the shapes of the two master 
curves was observed and confirms that the deformation affected not only the reorientational 
spectrum but also the time scale of motions. 
 
 
7.4 Conclusions 
 
The influence of uniaxial deformation on the molecular dynamics of NR, BR, and PDMS 
rubber samples was investigated. The physical constraints induced by uniaxial deformations 
were found to change the time scale of motions as well as the statistics of the dynamics of 
segmental reorientations in all samples. The latter was not observed for the same rubber 
samples under the chemical constraints induced by cross-linking alone as has been described 
in the previous chapter. In the absence of deformation, the molecular chains between the 
cross-linked points are physically entangled. Therefore, the same reorientational spectrum as 
observed in the melts is found in the rubber samples. By additional constraint induced by the 
deformation to the same rubber samples, the mobility of the cross-linking bridges as well as of 
the molecular chains between the entanglements are reduced. The influence of intermolecular 
interactions becomes efficient observed from shifting of the dispersion of region III to higher 
frequencies. Consequently, the spectrum of the segmental reorientations is affected due to the 
reduction of the chain mobility under the deformation.  
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Chapter 8 
 
Solvent Induced Molecular Mobility in 
Polyisoprene Melts and Networks  
 
 
 
8.1 Introduction 
 
Polymer melts, above a certain threshold of molecular weights (Mw > Mc), are experiencing 
entanglements which slow down their mobility, but they retain basic properties of a liquid, in 
particular for motion on long time scales. In terms of NMR experiments, power-law 
dependences of the T1 relaxation time on the Larmor frequency, T1(ω) ∝ ωγ, were used to 
describe characteristic dynamics of the entangled polymers and this relation would be T1(ω) ∝ 
ω0, for the liquid. Introducing chemical cross-links between the chains, such as sulfur bridges 
following the vulcanization process in natural rubber (NR), obviously changes the mobility at 
long time scales. However, in the short time scale of motions, the difference between polymer 
melts and networks disappears and the results have been described already in chapter 6. In 
polymer melts below the critical molecular weight (Mw < Mc), the physical entanglements lose 
their importance and the chains move freely. Therefore, the displacement statistics are 
changed toward Rouse behavior [33, 35].  
In principle, the critical molecular weight Mc is shifted to higher values by adding a 
solvent to the polymer melt [53]. In an alternative description, the crossover from entangled to 
unentangled dynamics of polymer melts with a given molecular weight  (Mw > Mc) can be 
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passed by reducing the polymer concentration. In this case, instead of the power-law relations, 
the Rouse statistics become a valid description of the dynamics (see Eq. 4.8). In this study, the 
dynamics of polymer networks compared to melts affected by the addition of solvents were 
investigated by means of field cycling relaxometry as well as transverse relaxation 
experiments.  
The transverse relaxation in monodisperse polymer melts can be described by a 
biexponential function [12], with a long component stemming from the chain end sections and 
a short component from the central part of the chains. The fraction of the former thus 
decreases with increasing molecular weight. In polymers networks, the situation is somewhat 
more complicated and has successfully been described by a sum of three components [69] 
including inter-crosslink chains, dangling ends, and so-called “sol-chains”. The Gaussian-like 
decay at the beginning of the relaxation curve is related to the inter-crosslink chains which are 
anchored on both sides to the networks by chemical or physical (entanglements) cross-links. 
The two exponential-like decays were assigned to the other two components. The 
experimental data often turn out to be more complicated since the “sol” amounts to only a few 
percents [69]. However, this part possesses a much longer relaxation time than the others 
contained in the networks. In this part of the study, the mobility of the polymer chains is 
increased by addition of solvents. Under these circumstances, measurements of the transverse 
relaxation times are taken out to investigate whether the effect of the solvent is distinguishable 
between polymer melts and networks since the latter still retain the chemical cross-links.   
Another approach used in this study to obtain insight into the dynamics is the 
investigation of order phenomena which affect the coupling between different nuclear spins. 
A measure of the strength of the homonuclear 1H dipolar couplings can be obtained, for 
instance, from double quantum (DQ) filtered spectra. The double quantum coherences are 
encoded by at least two successive rf pulses and need to be reconverted into single-quantum 
(observable) coherences by a further pulse, with appropriate phase cycling selecting the 
correct coherence pathways to avoid “contamination” with unwanted signals (Fig. 8.1a). 
Apart from this basic three-pulse sequence [70, 71], more advanced methods are in use (Fig. 
8.1b) which still consist of the basic scheme of encoding, evolution, and reconversion [24, 
66]. During the evolution period, the double quantum coherence builds up from the sum over 
proton spin pairs in the sample. For identical pairs, the dependence of the signal intensity is a 
well-defined quantity of the coupling strength expressed in the frequency unit, ωD. In the 
presence of more than one possible combination of proton pairs such as in PI, the 
interpretation is not as straightforward but the total evolution can be written in terms of an 
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average coupling constant, D . In order to obtain D  from the experiments, the evolution time 
τ is varied and the initial slope of the resulting build-up curve is determined which is 
proportional to 22τD  [24, 66]: 
22
DQ )( ττ DS ≡ .                                                                                                            (8.1) 
where SDQ is the DQ signal. 
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Figure 8.1: a) General scheme for filtering NMR signals according to dipolar encoded DQ 
coherences. b) A five-pulse sequence with 90° pulses supplemented by 180° pulses for partial 
refocusing to measure dipolar encoded DQ filtered signals with variable excitation and 
reconversion times τ. The z-filter is represented by the last 90° pulse of the reconversion 
period and a free evolution period of duration τ0. 
 
 
8.2 Experimental 
 
8.2.1 Sample Preparation 
The PI melts with number-averaged molecular weights ( nM ) of 287k and 709k were used in 
this study. They were natural rubber samples with three different cross-link densities (NR1/1, 
NR3/3, and NR5/5). The details of the PI 287k and PI 709k melts and the compounds used for 
the preparation of these NR samples have been described before in chapters 5 and 6, 
respectively. Two deuterated solvents, toluene-d8 (purity 99.6%) and ethanol-d6 (purity 
98.0%), purchased from Sigma-Aldrich Chemie GmbH, Germany, were used without further 
purification. The measurements of the pure solvents were performed at the relaxometer and 
revealed no detectable residual proton signal. 
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Because of the large difference of the solubility parameters (δ) of the three compounds 
(δ = 26.2 for ethanol, δ  = 18.3 for toluene, and δ = 16.6 for polyisoprene [72]), mixtures of 
two solvents were prepared with different volume fractions of each solvent to achieve 
different degrees of swelling of the NR samples (Figure 8.2). Before preparing the swollen 
NR samples, each rubber piece (100 – 150 mg weight) was immersed into ethanol (protonated 
ethanol) and dried for several days to extract all small components, such as low molecular 
weight compounds, sol-chains, and possibly uncross-linked sulfur as well as other impurities. 
Each NR piece was immersed into a mixture of solvents. The experiments were performed in 
the solvent-filled tube at least 48 hours after beginning of the sample preparation. The same 
weight percentages of the toluene-d8, used to prepare the solvent mixture for the swollen 
experiments of the NR samples, were added to the PI melt samples to achieve the same degree 
of dilution.  
 
0 20 40 60 80 100
100
101
102
103
Solvent: mixture of toluene-d8 and ethanol-d6
 
W
ei
gh
t i
nc
re
as
e 
[%
]
Volume percentage of toluene [%]
 NR1/1
 NR3/3
 NR5/5
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2: Degrees of swelling for NR samples with different cross-link densities (NR1/1, 
NR3/3, and NR5/5) were obtained by preparing mixtures of toluene-d8 and ethanol-d6. 
 
8.2.2 Measurements 
Relaxometry data in the 1H Larmor frequency range between 10 kHz and 10 MHz were 
obtained. The details of the experiments carried out in this study were the same as those in the 
investigation of the PI and the PB melts (section 5.1.2). In addition to that, 1H T1 relaxation 
times were measured with the inversion recovery sequence as well as T2 experiments, and 
double quantum build-up curves were recorded at 4.7 T with a Bruker DSX-200 spectrometer. 
The T2 relaxation times were obtained by the CPMG pulse sequence employing a 180° pulse 
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length of about 30 µs and different pulse separations between 100 µs and 1500 µs to cover 
both the short and long time behavior of the signal decay. The 1H DQ build-up curves were 
recorded with the pulse sequence presented in Fig. 8.1b. The 90° pulse length was 14.5 µs and 
a recycle delay of 1 s was used. The evolution time and the z-filter delay were fixed to t1 = 50 
µs and τ0 = 0.5 ms, respectively. All experiments were carried out at 296 K. 
 
 
8.3 Results and Discussion 
 
8.3.1 T1 Relaxation Dispersion 
From the point of view of molecular dynamics, as long as fast motions are regarded which are 
not yet affected by the presence of chemically fixed points, swelling of polymer networks 
should be equivalent to dilution of polymer melts in a solvent. The addition of solvent reduces 
the inter-chain interactions and lubricates the chain motions until the concept of entangled 
polymer melts loses its meaning and the individual chains move relatively freely in the 
solvent. Under these circumstances, one expects classical Rouse behavior which has indeed 
been observed by NMR relaxometry before [35]. Instead of power-law relaxation dispersion, 
a logarithmic dependence between T1 relaxation and frequency was found. 
The effect of the addition of solvents in NR is demonstrated in Fig. 8.3a. A gradual 
transition from the power-law behavior to the Rouse dynamic is found (see Eq. 4.8). The same 
qualitative observation is found for PI melts with equivalent solvent contents as shown in Fig. 
8.3b. An identification of the transition toward Rouse behavior in both NR1/1 and PI 709k 
becomes difficult by the nature of the respective dispersion curves: within the three orders of 
magnitude accessed in the experiment, a power-law function with a small exponent cannot be 
distinguished from a logarithmic function with certainty. Moreover, because of the rather low 
value at the initial state (before adding the solvent) of the exponent in the region II (γ = 0.16) 
in the PI melts and the unswollen NR, a clear distinction between both models is not possible. 
From the data shown in Fig. 8.3, a strong dependence of relaxation times as a function of 
solvent concentration is found up to a weight increase of 40%. Even at only 4% weight 
increase, T1 relaxation times at, for example, a low frequency of 10 kHz significantly increase 
and at 13% they increase by a factor of 3. It can be concluded that the lubricating effect of the 
solvent must lead to a strong increase of the mobility of the chain at the intermediate 
frequency range (104 … 107 Hz) although the entanglements are still expected to restrict the 
chain motions.  
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Figure 8.3: Relaxation dispersion curves as a function of weight increase (∆w) by addition of 
solvent, a) for swollen NR1/1 (mixture of toluene-d8 and ethanol-d6), b) for the PI 709k 
solution (toluene-d8). T1 data at 200 MHz were measured with a high field spectrometer. 
 
A close look at the data obtained at the maximum degree of swelling, i.e. at equilibrium 
swelling in the good solvent toluene-d8 indicates that a distinct dispersion still remains in the 
swollen NR samples (Fig. 8.4a) which seems to be virtually absent in the concentrated 
solutions of uncrosslinked PI (Fig. 8.4b). This appears to be the qualitative difference between 
the two sets of samples. Due to the presence of chemical cross-links, the autocorrelation 
function of the orientation, G(τ), is decreasing more slowly toward zero, so that even at high 
dilutions, the reorientational processes in the kHz range have a significant contribution to the 
relaxation. The PI solutions prepared from two different -high molecular weights were found 
to be identical in the dispersions without any influence of the number of physical 
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entanglements present in the melts even for the highest concentration of solvent used here 
(Fig. 8.4b). Contrarily, the chemical cross-link density introduced in the NR samples was 
found to affect the dispersions (Fig. 8.4a), in particular at very high degree of swelling. At the 
maximum degree of swelling, stronger dispersions were found for the NR with higher cross-
link densities. If Rouse dynamics can be assumed in all cases, this result indicates that the 
segmental reorientation time (τs) for NR5/5, for example, is considerably longer than that of 
the other two samples.   
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Figure 8.4: A comparison of the relaxation dispersions measured at 296 K, a) for NR1/1, 
NR3/3, and NR5/5 samples before swelling and at the maximum degrees of swelling in pure 
toluene-d8 and b) for PI 287k and PI 709k before and after adding the same amount of 
toluene-d8 used to prepare the swollen NR1/1 sample in a).  
 
Figure 8.5 shows the relaxation times obtained at selected frequencies from Fig. 8.3 as a 
function of weight percentage of solvent for both swollen NR1/1 and PI 709k solution. From 
the result obtained for the PI melts described before in chapter 5, it becomes evident that at 
200 MHz and at room temperature, the sample is in the extreme narrowing limit where T1 
becomes longer with increasing temperature (see chapter 2 for the extreme narrowing limit). 
Likewise, the addition of solvent can be considered as a means to increase the mobility of the 
fluctuating spins, so that the reduction of T1 with increasing degree of swelling can be 
understood (Fig. 8.5a). The same result was found also for the melts as shown in Fig. 8.5b. 
From 25% weight percentage of solvent, the T1 relaxation times slowly increase and almost 
reach a plateau. This behavior is similar to the T1 minimum as a function of temperature 
which occurs at ωτ ≈ 1 by heating. In the similar way, τ becomes shorter by adding the 
solvent.  
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a) b)  
Figure 8.5: Comparison of the relaxation times obtained at different Larmor frequencies as a 
function of weight increase by additional of solvent, a) for the swollen NR1/1 (mixture of 
toluene-d8 and ethanol-d6), b) for PI 709k solution (toluene-d8).  
 
8.3.2 Transverse Relaxation 
For determining the transverse relaxation times, CPMG pulse sequences were applied and the 
decay curves were obtained for swollen NR (Fig. 8.6a) and PI solutions (Fig. 8.6b). For the 
swollen NR, as has been mentioned before, a multiexponential function is found including a 
very long component of typically a few hundred milliseconds with an amplitude of the order 
of 1% or less. This component can be attributed to the “sol-chains” which remained at a 
relatively small fraction in the samples after the first extraction with ethanol. They are 
mobilized only in the presence of the solvent. For such a small amount of the sol-chains, the 
contribution to the NMR signal is too low for being detected by the relaxometry 
measurements. The remaining decays, which are shown in Fig. 8.6a,b, were fitted by a 
biexponential function. The short and long T2 components, being assigned to the inter-
crosslink chains and the dangling ends, respectively [69], were obtained and plotted as a 
function of weight percentage of solvent (Fig. 8.6c). A strong increase of the value of the long 
component with larger degree of swelling becomes obvious, while the short component 
remains essentially unchanged.  
For comparison, the decay curves for the solutions of PI 709k are shown in Fig. 8.6b. 
The curves gradually change towards slower decays. Similar to the swollen NR samples, a 
triexponential function is found at high concentration of solvent and the component of the 
longest relaxation time (less than 5%) can be assigned to low-molecular compounds in the 
samples or to the residual protons in the solvents with a nominal degree of deuteration of       
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~ 99%. The initial decays, covering the two dominating components for the PI solutions, are 
shown in 8.6b as a function of weight percentage of solvent. In Fig. 8.6d, the short and long 
T2 components are presented as obtained from a triexponential fit to the decay curves of Fig. 
8.6b, which also included the third component obtained from the dataset with different echo 
times to cover the whole time range. Both the long and the short components in T2 increase by 
about the same factor at a given dilution, i.e. the central and end parts of the chains are 
affected in the same way by the presence of the solvent. This is different from the case of 
swollen NR where the short relaxation component remained unchanged, the fact which must 
therefore be attributed to be affected by the presence of the chemical cross-links.  
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Figure 8.6: Decay curves obtained from CPMG pulse sequences as a function of weight 
increase (∆w) of solvent, a) for swollen NR1/1 (mixture of toluene-d8 and ethanol-d6), b) for 
PI 709k solution (toluene-d8). The curves were shifted relative to each other for clarity. c) and 
d) are the corresponding short and long T2 components as a function of weight increase (∆w) 
by additional of solvent obtained from a) for NR1/1 and from b) for PI 709k.  
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8.3.3 Molecular Order Determined by Double Quantum Spectroscopy 
A complete averaging of dipolar couplings by fast and isotropic motions, such as in a low-
viscosity liquid, does not allow the build-up of coherences between spin pairs. In a rigid solid, 
the coupling is strongest, and for substances such as elastomers, anisotropic motion of 
particular moieties and segmental motion add up to a reduced coupling strength which result 
in a non-vanishing order parameter [23]. These residual couplings are employed as parameters 
to characterize the material properties on a microscopic level. It has already been 
demonstrated that a strong correlation between an average coupling constant D  and the cross-
link density exists [24] and it depends also on macroscopic deformation which generates 
microscopic order [66]. By a combination with the imaging technique, the stress parameter 
distribution in a cut elastomer has been visualized [65].  
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Figure 8.7: Double quantum build-up curves as a function of the encoding time τ for different 
weight increases (∆w) by additional of solvent, a) for NR5/5 (mixture of toluene-d8 and 
ethanol-d6), b) for PI 709k (toluene-d8). 
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Figure 8.8: Relative dipolar coupling constants obtained for swollen NR5/5 and PI 709k 
solution from the curves of Fig. 8.7: data are normalized to the coupling constant for NR5/5 in 
the absence of the solvent (D0). 
 
In this study, the effect of cross-links in elastomers on the order parameter in the case of 
swelling was investigated and was compared to the uncross-linked samples in the form of 
solutions. By comparing the build-up curves of swollen NR5/5 and PI 709k solution (Fig. 
8.7), it is clearly observed that the initial slopes of the build-up curves for the cross-linked 
elastomers change only weakly even for the highest degree of swelling. The height of the 
maximum value and the shape of the decaying part follow from a moderate increase in the 
transverse relaxation time described in the previous section. In contrast, the PI melts in 
equivalent amounts of solvent show a dramatic decrease of the initial slopes of the build-up 
curves, accompanied by a strong increase in T2 (section 8.3.2).  
A quantitative comparison between the coupling constants, determined from the initial 
slopes by fitting a 22τD  dependence to the experimental data (Eq. 8.1), is given in Fig. 8.8. 
The effect of the cross-links presents in NR is to maintain molecular order even at the 
maximum degree of swelling. The order parameter in the PI melts is already lower by a factor 
of two, and drops significantly upon addition of solvent. Thus, the presence of permanent 
cross-links has a pronounced influence on the order parameter as obtained from DQ 
experiments. From the theoretical point of view, this can be explained by the different time- 
and length scales involved by the addition of solvent which increases the mobility of the 
polymer chains and leads to a higher degree of conformational pre-averaging of the 
orientation, so that the average coupling between the proton spins is reduced. It seems that the 
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pre-averaging process is in all cases fast on the time scale relevant to the double quantum 
encoding experiments, and that the limiting value determines the actually strength of the 
dipolar coupling constant.  
 
8.3.4 Comparison of Results 
From the results of investigations of the relaxation dispersions of polymer solutions and 
swollen networks, and a comparison with the information obtained by high-field 
measurements of longitudinal and transverse relaxation times as well as double quantum 
experiments, a descriptive approach can be made in terms of the respective sensitivity of the 
methods used for characterizing the molecular dynamics as follows: Only a relatively small 
influence of the solvent concentration is found for processes at high fields on time scales of 
about 10-9 s where corresponding T1 relaxation times are sensitive. This can be attributed to an 
increase of the mobility of the individual segments, therefore reducing the segmental 
reorientation time. Already at one order of magnitude lower in the frequency range, at the 
upper end of the range accessible by field cycling relaxometry, the influence is much more 
pronounced. At 10 kHz, corresponding to motions on the order of 10-5 s, differences in T1 of 
more than a factor of 100 is observed for high solvent concentration, and even solvent 
amounts of only a few percent have a considerable effect on the dynamics of the motional 
spectrum. All these features are found for cross-linked and uncross-linked samples alike.  
A similar but somewhat smaller increase is found for T2. However, the transverse 
relaxation rate still decreases approximately proportional to the polymer concentration in 
solutions. It assumes a limiting value in the case of cross-linked elastomers which renders a 
short component almost unaffected by the presence of the solvent. Considering the 
shortcomings of the available field cycling relaxometer that allowed the measurement of 
dynamical processes only down to about 10 kHz, the T2 data suggest that the reorientational 
dynamics still exists on much lower frequencies, but then cross-linking leads to a small but 
finite residual order which does not decay completely in the accessible frequency range. This 
conclusion can be understood if one assumes that in a network, the segments are not allowed 
to assume all possible orientations which would be the requirement of a complete decay of the 
correlation function.  
The double quantum results of the dipolar coupling constant confirm this notion: only in 
the melts and solutions, full reorientation is possible with the time scale being affected by 
intermolecular interactions and steric hindrances, thus leading to more efficient pre-averaging 
of the coupling constants in the experimentally relevant time scales. Permanent cross-links, on 
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the other hand, prevent the segments from assuming all orientations in a statistically equal 
manner, leading to coupling constants only weakly affected by the solvent and actually being 
dominated by the conformational change brought about to the chain molecules by increasing 
the distance between the cross-link points.  
 
 
8.4 Conclusions 
 
The molecular dynamics of polyisoprene solutions and cross-linked polyisoprene in the 
swollen state were investigated as a function of the solvent concentration under nearly 
identical concentration conditions by means of field cycling relaxometry (10 kHz – 20 MHz). 
A strong influence on the relaxation dispersion was found in the whole frequency window and 
rather more pronounced at low frequencies, which is attributed to the influence of the solvent 
even at low concentrations. At higher dilutions, the influence of the physical entanglements 
on the molecular motion becomes lost and the transition to the semi-dilute regime and Rouse-
dynamics leads to a further increase of the mobility and the relaxation times in the mentioned 
frequency range. So far, this behavior was described and can be understood for the solutions, 
but has been observed in this study also for the cross-linked NR. Only at the very high solvent 
concentration, the influence of the cross-links could be detected by retaining a weak 
frequency dependence of T1 which was practically absent for semi-dilute solutions.  
Additional experiments measuring the transverse relaxation rate and the dipolar 
coupling strength via double quantum encoding confirm the strong influence of the solvent 
molecules on the intermediate (< 107 Hz) dynamics. The transverse relaxation rate gives also 
further insight into slow motion not being accessible by relaxometry (< 104 Hz). The presence 
of chemical cross-links reveals itself in a finite orientational order at a long time scale which 
generates an upper bound on T2 as well as an almost unchanged dipolar coupling constant of 
the protons. These two features are not observed for the dissolved polymer molecules. 
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Chapter 9 
 
Influence of Copolymerization on the 
Molecular Mobility of Polymers  
 
 
 
9.1 Introduction 
 
A reduction the degrees of freedom of the molecular chains, i.e. by introducing cross-links 
between different segments in NR and BR, was shown to affect only the time scale of motion 
but leaves the reorientational dynamics unchanged (chapter 6). This can possibly be a 
consequence of the rather flexible sulfur bridges between polymer chains, and the still 
relatively small cross-link density. Therefore, a block copolymer was chosen as an example 
that provides a different type of immobilization by imposing chemical fixations of one or two 
end points of the chains to a solid object. The systems investigated in this work were diblock 
and triblock copolymers consisting of polybutadiene (PB) and polystyrene (PS) components 
of well-defined Mw. PS was chosen as the rigid component in the block copolymers because 
its comparatively high glass transition temperature (Tg = +100 °C in the bulk) leads to a large 
temperature range over which the dynamics of the soft PB block (Tg = -106 °C in the bulk) 
can be studied while the PS block remains rigid. As PB and PS undergo phase separation, 
their small polydispersity allows the formation of regular lamellar structures consisting of 
alternating PB and PS domains. By employing field cycling relaxometry, the dynamics of the 
PB domains were investigated and the results are discussed in the following sections. 
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9.2 Experimental 
 
PS-b-PB diblock and PS-b-PB-b-PS triblock copolymers were provided by Max-Planck-
Institute for polymer research, Mainz, Germany [73]. The samples used in this measurement 
have three different number-average molecular weights ( nM ) for the diblock copolymers and 
one nM  for the triblock copolymer (Table 9.1). The polydispersity of all samples was below 
wM / nM = 1.1. For comparison, relaxation dispersions for linear PB samples with nM  of 86k, 
308k, 774k, and for a linear PS sample with nM  of 107k were obtained. 
 
Table 9.1: Characterization of PS-b-PB diblock and PS-b-PB-b-PS triblock copolymers [73]. 
System PS-b-PB 
12K-10K 
PS-b-PB 
22K-24K 
PS-b-PB 
90K-120K 
PS-b-PB-b-PS 
30K-20K-30K 
nM (PS) 12 000 22 000   90 000 30 000 
nM (PB) 10 000 24 000 120 000 20 000 
Ltheo [nm]a 19 31 85 -  
      a 320240 /ntheo . ML = : theoretical lamellar spacing [74] 
 
Relaxometry data were obtained on a commercial Stelar FFC relaxometer with a 1H 
Larmor frequency range between 5 kHz and 20 MHz. The details of the experiments carried 
out in this study were the same as those for the investigation of the PI and PB melts (section 
5.1.2). All samples were measured at two different temperatures, 296 K and 333 K. The 
measurements were focused only on the soft PB component, and the fast decaying part of the 
FID assigned for the rigid PS component was not taken into account.   
 
 
9.3 Results and Discussion 
 
Three (PS-b-PB) diblock samples and one (PS-b-PB-b-PS) triblock sample were investigated, 
the molecular weights of both components and the length of the repeat unit are given in Table 
1. The molecular weights of both components are sufficiently large to generate chain 
entanglements within each phase [73]. For the results presented in this study, the short NMR 
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solid-state signal of PS has been suppressed and only the contribution of PB to the signal has 
been acquired, so that the relaxation dispersions presented here refer to the “soft” PB phase.  
Figure 9.1 compares the relaxation dispersions obtained from the PB components in the 
diblock and triblock copolymers with those of the bulk PB samples. The dispersion profiles of 
the bulk PB were found to be independent of the molecular weight above Mc, which is a 
characteristic of the power-law relations for the chain mode dynamics and predicted by theory 
[36]. The relaxation times for the PB components in the diblock copolymers, on the other 
hand, are shorter than in the bulk at all frequencies below about 10 MHz, and the effect is 
enhanced for shorter PB chain lengths. From two similar molecular weights of the PB 
components, the relaxation times in the triblock copolymer are shorter than those in the 
diblock copolymer (filled upward triangles and stars, respectively, in Fig. 9.1). 
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Figure 9.1: Relaxation dispersions of PS-b-PB diblock copolymers and PS-b-PB-b-PS triblock  
copolymer compared to those of linear polybutadiene samples, a) at 296 K and b) at 333 K. 
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Figure 9.2: Plot of the power-law exponent ( νγ log/log ∂∂= 1T ) for the PB components in 
all copolymers compared to the PB melt. 
 
The exact value of the exponent γ in the dispersion with the power-law relation, T1(ω) ∝ 
ωγ, can no longer be attributed to the different regimes I, II or III because the dispersion 
curves follow a sigmoidal shape. However, by taking the derivative of the slope 
( νγ log/log ∂∂= 1T ), one finds that the dispersion becomes stronger in the upper frequency 
range and weaker at low frequencies compared to the bulk melt (Fig. 9.2). Moreover, the 
crossover points to region II at high frequencies were found to shift toward lower frequencies 
for the copolymers compared to the bulk PB resulting in a narrower frequency range for the 
region II. This mean that the time scale of motion is shifted to lower values.  
An effect of the chemical immobilization (either on one end or on both ends) of the PB 
chains on their molecular dynamics is not surprising. However, as was the case with the 
experimental data discussed in chapters 6 (chemical cross-links in rubber samples) and 7 
(deformation), it needs to be verified whether the relaxation dispersion actually reflects the 
true reorientational dynamics of the chains. The most important concurrent effect is certainly 
spin-diffusion. Lamellar thicknesses of the copolymers are such that an exchange of 
magnetization between rigid (PS) and soft (PB) domains can be significant. Indeed, spin 
diffusion is regularly used as a means to characterize domain sizes, provided the values of the 
corresponding spin diffusion coefficients are known [73]. In principle, spin diffusion 
represents a re-distribution of magnetization occurring simultaneously to relaxation. From the 
knowledge of the domain sizes, the intrinsic relaxation times, and the exchange parameters, 
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one can estimate whether spin diffusion can be made responsible for the effect on the 
dispersions observed for the PB-PS copolymers.  
In Fig. 9.3, the relaxation dispersions for both individual components are compared. The 
dispersion for PB has been described above. The dispersion for PS shows the strong 
frequency dependence known to be typical for solid materials. Contrary to PB, the values of 
T1 in PS decrease weakly with growing temperature. The data were obtained only above a 
Larmor frequency of 50 kHz because of the considerable signal loss due to short T1 relaxation 
times at lower frequencies. A discussion of the PS relaxation dispersion is beyond the scope 
of this work. The essential feature is the stronger frequency dependence (γ ≈ 1) of the 
relaxation time. The relaxation times of PB and PS, become equal at about 1 MHz (296 K) 
and 4 MHz (333 K), respectively. Above this crossover, PS possesses longer T1 than PB.  
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Figure 9.3: Relaxation dispersions measured at different temperatures, a) for linear PB with 
nM  = 86k and b) for linear PS with nM  = 107k. 
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The effect of spin diffusion is to average the two individual relaxation processes in the 
different domains. If magnetization in one domain has decayed due to its short intrinsic T1, 
magnetization diffusing from the other domain will replenish the reservoir. If spin-diffusion is 
sufficiently fast to provide full exchange between both domains on time-scales shorter than 
both intrinsic T1, only a single value for T1 is observed as a weighted average. If complete 
exchange of magnetization between the phases is not possible, a more complex multi- or non-
exponential decay is observed.  
For the system under study, the spin diffusion coefficients were reported as 0.05 nm2/ms 
and 0.80 nm2/ms for PB and PS components, respectively [75]. An estimate of the rms 
displacement of magnetization <x2>1/2, following Einstein’s relation <x2> = 2Dt in one 
dimension (taking account of the lamellar structure of the system), leads to rms values of 2 
nm and 9 nm for PB and PS, respectively, for an exemplary time scale of 50 ms which 
represents a T1 value at intermediate frequencies.  
The decisive quantity is the diffusion length in the PB domain. For all samples, it 
corresponds only to a fraction of the total domain width, so that most of the spins in the PB 
phase are not affected by the spin diffusion process. The interface region must be described by 
a separate relaxation behavior; however, despite a small deviation from monoexponential 
signal decays, this component could not be identified with certainty. Apart from this 
quantitative estimation, several  qualitative arguments can be listed which speak against the 
relevance of spin diffusion to explain the observed relaxation dispersion in phase-separated 
copolymers. First, the fraction being influenced by spin diffusion shrinks to an even thinner 
layer at the lowest frequencies, which should, in turn, give rise to a smaller deviation from the 
bulk melt relaxation than found for high frequencies. Second, spin diffusion is expected to 
become more efficient at high temperature where T1 of PB is longer, however, all 
experimental data were found to overlap reasonably well by applying the time-temperature 
superposition principle. Third, at high frequencies, spin diffusion must actually lead to an 
increase of the PB relaxation times, which is not observed.  
It can be concluded that spin-diffusion as the dominating mechanism to generate the 
dispersion profiles of PB in PB-PS copolymers is ruled out; this is based on qualitative 
arguments and the assumption that the spin diffusion coefficients given in [75] are of the 
correct magnitude. Although a more pronounced contribution of spin-diffusion at high fields 
is still possible, the permanent fixations of the PB chains, and the consequential change of the 
spectrum of reorientational motion, are identified as the prime reason for the change of the 
NMR relaxation dispersion pattern. An exact interpretation of the molecular dynamics, 
however, must remain tentative. Just as for the other cases of restriction discussed in the 
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previous chapters, high-frequency motion is generally not affected by the presence of fixed 
points in the chain, but the deviations from a free melt become increasingly obvious toward 
smaller frequencies, corresponding to motions of a larger amplitude. Obstacles to the free 
motion become relevant at an earlier stage, a situation not unlike the one encountered with 
elastomers upon stretching. 
 
 
9.4 Conclusions 
 
As was found from the field cycling relaxometry studies on the homopolymers described in 
the previous chapters, entanglements in the polymer melts play a significant role for the chain 
mode dynamics and are reflected in the frequency dependence of the longitudinal relaxation 
time. The restricted motions in polymer chains, such as chemical cross-links, induced in 
polymer networks (NR and BR) affected only the time-scale of motions but leave the 
reorientational dynamics virtually unchanged. In this part of the study, the molecular 
dynamics of PB affected by a different type of chemical constraint were investigated. 
Introducing rigid constraints in the form of PS-PB copolymers, i.e. glassy PS blocks being 
chemically linked to the PB blocks under investigation, was found to affect both the time 
scale of motions as well as the statistics of the dynamics of segmental reorientations in the PB 
domain. This finding is similar to the observations made for NR and BR samples under static 
deformation. For the systems under study, apart from a small but negligible additional effect 
of spin diffusion that tends to equilibrate magnetization in the two-phase systems, the 
relaxation dispersion mostly reflects the true dynamics of the mobile chains being fixed at 
their end-points.  
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Chapter 10 
 
Summary and Outlook 
 
 
 
The frequency dependence of the longitudinal NMR relaxation times of polymer melts and 
networks were investigated over a wide range of frequencies and temperatures employing 
field cycling relaxometry, and WLF master curves were reconstructed to describe the 
dispersion over more than nine orders of magnitude. Different types of restrictions to the 
motions in polymer chains - chemical cross-linking, filler particles, uniaxial deformation, and 
copolymerization of the polymer melts well above their critical molecular weights - were 
investigated. In all cases, the T1 relaxation dispersions directly reflect the molecular dynamics 
which were altered in different ways by the inflicted restrictions. Moreover, solvent induced 
molecular mobility in both polymer melts and networks were studied and additional 
experiments measuring the transverse relaxation rate and the dipolar coupling strength via 
double quantum encoding were conducted.  
The polymer networks used in these studies were NR, BR, and PDMS rubber samples. 
The results obtained here are interpreted based on the molecular dynamics described for the 
PI, PB, and PDMS melts of higher molecular weight (Mw > Mc), where only the physical 
entanglements are present. In terms of field cycling relaxometry, the power-law relations, 
T1(ω) ∝ ωγ, predicted in the literature which describe the chain mode dynamics for the 
polymer melts, were used to analyze the experimentally obtained data. The results obtained 
from the PI melts were somewhat different from those of the other polymers and, therefore, 
partially deuterated PI melts were investigated employing proton and deuteron experiments to 
elucidate whether the chemical structure or the intermolecular interaction play the significant 
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role for this particular behavior. The theory used to describe the polymer dynamics is based 
on the abstract Kuhn chain model that neglects complicated chemical structure, particular 
molecular interactions, and long-scale correlations between different segments. From this 
study, the PI melts turn out to be the first case where a significant deviation from such an 
“average” reorientational motion spectrum is found, and this is attributed to the influence of 
the chemical structure itself. The results of the PI melts were used as a reference for the study 
of natural rubber (NR).  
The investigations of the molecular dynamics of polymers under the different physical 
and chemical constraints are listed and summarized below:  
• The molecular dynamics of cross-linked NR, BR, and PDMS rubber samples, as 
obtained from the analysis of proton relaxometry data, were shown to possess the 
same phenomenological reorientational spectrum as in corresponding PI, PB, and 
PDMS melts, respectively, within the accessible frequency range. Reducing the 
molecular degrees of freedom of the chains by introducing chemical cross-links 
merely leads to a slowing down of the whole time scale of motions but leaves the 
statistics of the reorientational dynamics unchanged.  
 
• The addition of filler particles to the elastomeric network reduces the relaxation times 
particularly at low frequencies, but this effect is minor compared to the influence of 
the cross-link density. One could conclude that the filler particles are large clusters of 
matter, which only affect a small skin layer of molecules around them. Contrary to 
this, chemical cross-links are distributed more homogeneously and affect the motion 
of all segments.  
 
• The influence of uniaxial deformation on the molecular dynamics of NR, BR, and 
PDMS rubber samples was investigated, and it was found to change the time scale of 
motions as well as the statistics of the dynamics of segmental reorientations in all 
samples. The additional constraint induced by the deformation to the same rubber 
samples leads to a reduction of the mobility of the cross-linking bridges as well as of 
the molecular chains between the entanglements. One particular result is the shift of 
the crossover between regions II to III toward higher frequencies, which can be 
attributed to the onset of intermolecular restrictions occurring at smaller amplitudes of 
chain-segment motion compared to the undeformed state. The same change in the 
local environment of the individual segment subject to macroscopic deformation can 
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lead to an increase of the weight of the intermolecular contribution to the dipolar 
relaxation. 
 
• The effect of solvent induced molecular mobility on the molecular dynamics with the 
entanglement behavior of polymer melts and networks was investigated. It was found 
that the dynamics is changed to the Rouse behavior in both the melts and the networks. 
However, permanent cross-links present in the networks prevent the segments from 
assuming all orientations in a statistically equal manner even if their mobility is 
increased as a result of the addition of the solvent. Therefore, a small remaining 
relaxation dispersion was found even for the highest solvent concentration prepared in 
this study. The dynamics of the inter-crosslinked chains were rarely affected compared 
to the dangling ends observed by the transverse relaxation rate. The presence of 
chemical cross-links reveals itself in a finite orientational order at a long time scale 
leading to an almost unchanged dipolar coupling constant of the protons. These 
features are not observed for the dissolved polymer molecules. 
 
• Finally, reducing the molecular mobility of the polymer chains by introducing fixed 
points via chemical bonding to a solid object, in this work being realized by a phase-
separating PS-PB copolymer system, was found to affect the spectrum of the 
segmental reorientations in a similar fashion as found for deformation. 
 
These studies have led to a phenomenological description of the change of polymer 
dynamics on the molecular level under external influences. While the slowing-down of the 
motion as a consequence of any kind of partial immobilization has been confirmed, only 
macroscopic deformation and chemical fixation have led to a change to the motional statistics 
which can be traced back to a different time-dependence of the autocorrelation function of 
segmental orientations. The understanding which has been gained by comparing these 
different types of restrictions to polymer melts is of a qualitative nature, and an interpretation 
has been given based on the available theory for bulk polymer melts. In order to achieve a 
quantitative understanding, the restrictions need to be taken into account by improved models 
and experiments, such as dynamic shear, biaxial deformation, chemical or isotopic 
modification, systematic investigation of different types of polymers subject to restrictions 
and confinements. In addition, a more detailed modeling of the molecular motion, taking into 
account local structural features and density correlation functions, can be a promising 
approach to refine the understanding of dynamics of polymer melts with more complicated 
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chemical structures over a wide range of frequencies, and will benefit from more advanced, 
multinuclear studies of NMR relaxation properties. 
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